Uso industrial de colorantes tipo T

Termoplasticos
- El colorante debe estar monodispersado en el polimero (0.01-0.30% p/p)
- Polimeros de baja T, (poliolefinas, polivinilos)
- Bvitar temperaturas de procesado > 250 °C durante tiempos largos
-~ Aditivos: estabilizadores fotoquimicos y térmicos, antioxidantes, absorbedores UV
- Microencapsulantes: compatibiliza mas polimeros pero requiere mas colorante
@ Unién colorante-oligobmero creando un microambiente favorable al fotocromismo
= color mas intenso manteniendo cinéticas rapidas (mutuamente excluyentes)
= compatibiliza al colorante con polimeros mas rigidos (poliamidas,...)

ejs: botellas de refrescos, pinzas, fundas, juguetes,
sedal invisible al pez / visible al pescador
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Uso industrial de colorantes tipo T

Microencapsulacion en polimeros
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Materiales fotacromicos

David Garcia Fresnadillo

Uso industrial de colorantes tipo T

Microencapsulacion en polimeros
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Materiales fotocramicos

Uso industrial de colorantes tipo T

Microencapsulacion en sol-gel: films porosos de ormosil

Cinéticas de decoloracian [ fotodegradacldn en matrices grmosi|
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Uso industrial de colorantes tipo T

Recubrimiento de superficies / Impresion

- Tintas y barnices para uso estético o de sequridad de efectos impresos
= marcas manifiestas / ocultas para evitar fraude y falsificacion

- Uso de disclventes organices o de microencapsulantes

- Litografia, flexografia y grabado = 1-3% p/p colorante/tinta

- Serigrafia = 0.5-1% p/p colorante/tinta

- Si la concentracién de colorante es muy alta no se genera fotocromismo

Textiles

- Aun por desarrollar comercialmente de modo masivo

= mejorar la coloracion intensa de |a fibra (poliéster / nylon) con maléc. de 1 Vol.
= mejorar |la durabilidad del efecto fotocromico

Otras aplicaciones

- Basadas en: reversibilidad, sensibilidad a la radiacion UV/Vis, funciéon concreta
- Ejs.: deteccién de fugas de combustible, smart windows, films para agricultura,
cosmetica (tintes, protectores solares), marcas de caducidad / seguridad

03 Cobor. Technol. 2009, 125, 248-261. (1 Chem. Bat. 2002, 38, 37. | Inteliinenl Chermeat Indicators. Cap 30. En Swiaxt Materials. CRC Press. Boca Raton, FL, 2605
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David Garcia Fresnadillo Materiales fotocromicos

Colorantes comerciales de tipo P

Fulgidas y fulgimidas Ay
+ Efecto fotocromico observable ya en el colorante sétido 7 g
+ Un diseno molecular adecuado permite seleccionar colores /< ©

+ Gran gama de colores (incoloro, amarillo, rojo, ... infrarrojo)
+ Las moléculas activadas no se decoloran en la oscuridad sino con luz
porque ambos isbmeros son térmicamente estables

X = O (fulgides)

X = NR (fulgimides)

Open Form Closed Form

furilfulgida

o Chem. Letl 2006 35 1204- (209, Para conocer mis moldeutas que 52 hNan desamrollado reciamemente,
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Colorantes comerciales de tipo P
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+ Faciles de sintetizar ¢ :Zﬂp
+ Ambos isomeros son térmicamente estables < Ly
+ Mas resistentes que fulgidas z{f_g\\z/_f\;
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+ Pueden soportar m3s de 104 ciclos

+ Las cineticas son muy rapidas (10 ps)

+ Sus cristales mantienen las propiedades (o las mejoran)

+ Es posible co-cristalizar diferentes moléculas de la familia
= se pueden fotoactivar gamas de colores
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David Garcia Fresnadillo Materiales fotocromicos

Aplicaciones de colorantes tipo P ...

Actinometria

Uso de colarantes muy resistentes
termicamente, fotoquimicamente y a
la faliga = muy vélidos para uso repetido
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Otras aplicaciones de colorantes

fotocromicos

Reversible photoinduced changes of physical and chemical properties can be transferred Lo the micro-
envirorment by a photochromic molecule incorporated in the system (Fig. 2).

physical

parameter / hV:UThe&t

N

hyy Hme

Fig. 2 Pholoinduced cyclic varialion of a physical property in a pholoresponsive sysiem.
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Materiales fotomecanicos

« Concepto de material fotomecanico

« Tipos de compuestos y materiales fotomecanicos
— Maquinas moleculares
— Polimeros organicos

« Aplicaciones de materiales fotomecanicos a
diferentes productos / fecnologias

This very uny " gepr-withro- agear” Lasy only bum
m ans dirscuan

..Se puede hacer algqo mas “tiny que tiny"?

top-down fabrication vs. boftom-up nanotachnologies
auto-organizacion molecular

materiales / polimeros orgénicos

aparatos / inferruptores moleculares

hilp //meme saridia gavrsenntd/ndsessp
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Materiales fotomecanicos
Concepto de material fotomecanico Q -

- Sistema que, al iluminarlo, es capaz de llevar a
cabo un movimiento mecanico de modo repetible,

Ay
con amplitud y sentido determinados E
- El cambjo de forrma en compuestos fotocrémicos -

produce un trabajo mecanico a nivel molecular
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zene residue wlong with muns—is pholoisomerizaton.

COOH
— ; Escalas de tiempo en disoluciones
L 4 N pen— A NH—CO 4 (I v P
v n de poliamidas:
— — y
HOOC./ Compacl Conlommalion

1075 [ el 1o trans photvisomerization

; 7\ 5
—’N““{ \/'_"“’N '</ \>‘NH'Q°_</ \>_m)’n (i Compacl Capfaumaion
\ \: _— -—

10y L enfalding

/ v ( . \ Exiended Conformation
—\—«NH —p=h \>—NH—CO \c‘;H-zh—Go—}-r tms
— ! — r -

En polimeros, para ligar el cambio
Y \ o de forma molecglalr aun movimiento
TN"'<\= —h‘N—{‘ \}W”w(@'kﬁacc#h ‘™) anivel macroscopico el sistema
= debe eslar bien organizado y

Figure 5 The moleculnr eruciure change of | 2-big(l $-di
methyl-1-thienyl i peftunecycinpeniene (7)) in the aryainl / densamente empaquemdo

4 ‘\\ 7 \ N .
upan iMidiatdon with 360 nm light for 24 b, The occupan- = N—N—< >—N| l —CD(QI- } l (v . P
cy vl the clusal-risg 1sdus was 855, \ u — "rl-zw_‘rn = Cnst’ahrﬂdad...
o direcfamente... cristales

Scbewme 1, PhaloTesponsive polysmidss,

Curso “MATERIALES INTELIGENTES"” FNMT, Madrid 21-26/06/2010




David Garcia Fresnadillo

Materiales fotocramicos

Materiales fotomecanicos
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Materiales fotomecaniccs

Maquinas moleculares

1 2
Rotacion en sentido anti-horaro 60 °C 20 °C
(visto desde arriba)
Light (> 280 nm)
4 — 3

Light (> 380 nm)

Figure 5.19. Uniduectioval rotaiion of molecule upon irradiation wich Light wrradiation

() Apphrations of Supetmolecides. Molecutar Davices and Nanoisthnolcay, Cza 5, En Supramplepuiar Chemisiry - Fundameniass and Appicanans. Sannger. Beirfn. 2008.
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Fig. 19. (a) Schematic representation of a rotary wolecular motor tetbered to a gald nanoparticle throvgh 2 legs,
only onc motor i3 sbhown for clanty. (b) The four-swate unidiroctional rataden of funcuonolized nonopartcic
motor on Au 15 shown (hv: photochemical step; 4: thermal siep) (¢) CO specira of stable-rnotwor on Au (sold
blade), photostalionary state when rraduated at =280 nm (dashed black’, and the photosiaaanary state when
irradiated at 365 nrn (doned black) samples and after sequential photachemical and thermal Kemerzanon steps.
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Materiales fotomecanicos

Musculos moleculares poliméricos

homeotropic anchoring of LCs planar anchoring of LCs

0

UV light

-

-$

Visible light
trans form cis form

Fig. 15. TMustrative representation of the surface-assisted control of the alignment of LC molecules. The surface
of which the LC molecules are deposited is functionalized by a2 monolayer of azobenzenes. When the azobenzene
are in their /rans form, the homeotropic anchoring of the LC molecules drives the orientation of the LCs in the
whole L.C mesophase. Upon irradiation with UV light, the azobenzenes undergo a #rans — cis photoisomer-
ization. Since the azobenzenes from the monolayer isomerize to form the cis isomer, the favoured anchoning of
the LC molecules opn the surface becomes the planar ome and the whole alignment of the mesophase is
copsequently modified. This monolayer-triggerd photoalignment of LC mesophases is reversible [42]
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Materiales fotomecanicos

Musculos moleculares poliméricos
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Materiales fotomecanicos

Musculos moleculares con geles poliméricos

""" = et BeseN B
(a) AT ()] IR
< T (g ':_I'_: % | 1 Ch .
@ 1= 1.45 8 = minlmiza las raqulslias I -_" PNIPAM » : ; i &l :
s de energia (6ptlca) necesaria para ' :._.—.‘ég'él? LR LA |
g mantener |2 lenalén en el polimers SRR N (u
. B f=tin  20%de
g o N-lsopropylacrylamide (PNIPAM) gel SRS SR A icontraccion . e
=1 ‘ . _ 2 Vil ey 2% '... a oscur!dad T
» e a:," wﬂ;n ay ot 55 L o Lo ‘:I‘J‘ | I -
FIGURE % Jump Moberule Teasient Absarpton o b o ‘
Detary uaing 45 5-rm radianon. i !1.[32 P ]

Fig. 4.31. A poly-NIPAM gel rod in D20 before (a) and after (b)
0.75 W power laser at wavelength 1,064 nm (Becker and Glagd 2000)

La irradiacion del polimero con un haz de luz taser causa una interaccion entre grupos funcionales
de moléculas cercanas, atrayéndolas temporalmente, y originando una confraccion del gel polimérico

o _ Workl Wit Elactrosclive Polymer Newsletter 2000, 2, 11.
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Materiales fotomecanicos

Mudsculos moleculares poliméricos
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Materiales fotomecanicos %
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Materiales fotomecanicos

Musculos moleculares cristalinos Escala de tiempos — 25 pis
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Materiales fotomecanicos

Musculos moleculares cristalinos

"A rod-fype crystal (aboul 200 micrometers long and 5 micromelers &)
was grown by sublimation on a glass plata so as lo attach at one end fo
the glass plate. When illuminated from tha side by an UV pulse lighi, the
crystal rod bent and...

... displaced the frea end by 50 micrometers. The crystal rod can launch
a tiny silica-particle (80 micrometers @) as if it were a fennis ball, as
shown in Figure 12,7

i : Figure 12. A shol of a ulica micro-psracle by crystl red 1
Masah"o II'IE upon irradiagon with 385 rm light pulse.

Curso “MATERIALES INTELIGENTES" FNMT, Madrid 21-26/06/2010




David Garcia Fresnadillo Materiafes fotocromicos

Materiales fotomecanicos

Musculos moleculares cristalinos
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Figure 12 shows s piece of a plarelike microcrysial (523 x 280
x 5 yv}) whose lower portion was fixed to (he glass surface and
whogt vpper poriion was fcée. The (00 1) surface wig [mdiated at
365 am (3 ;vW/ein?y {rom the right eear, as indicared by the arrow

después

IoJ Am Chom Soc. 2008 Y37 8§60-6R9%
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Materiales fotomecanicos

Objetos que se ensamblan / desensamblan

i_ — ‘ Las nuclecbases de guanina
se auloensamblan para

formar telrameros que se
estabilizan par parejas en

hv(365em) (T - w presencia de K (GaK*)
: \) Es posible controlar con luz

el autoensamblaje de los
pctameras de G mediante
grupos fenilvinilo unidas a G

‘ ’ gracias a la isomerizacion

cis ! frans del C=C
EI proceso es reversible

hv[IEﬁ nm]

= \“\i \ \1 \

e ——

o Angew Chem Inr cd 2000 44, 33572860 Figurs 5 Switching opcies, monnared a1 180am, barseen (F]1/% and
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Indicadores de tension
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« Sistemas funcionales fotoactivos
- Funciones eléctricas
— Funciones quimicas
— Funciones computacionales
« Ejemplos de materiales fotoactivos y sus
aplicaciones a distintos productos / tecnologias

boftom-up nanotechnologies

Switches 11 slowed fyrm 3
Elactric r e
1
B =g’ [gate, B
= I e | g
. L f 1 ;\.. *
—-—— i
Wimdls g
VE s 2o s
C 7y
h=y
Y E
A A
% | 3 |II B
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Fig 4. Maun composenty of moliculay commie . ul'T:d'mnln-!;:.l
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The concept of contsolllng the Inte/mcon between ‘

: terminly funcldonalzed polyenes can also applled
Molecolar Electronics Road'map fo magnetic Interaction.'*” For 1hs purpose, diaryl-
ethenes having wwo nltronyl nltroxide radlcals 98

were prepared and the intramolecular magnetic l

1990 2000 2010 2020 “Interactlen was compared In the open- and Closed-
mmmmmum (NG forms. An appreciable difference In che Lnterac-
don was observed between the open- (2 kg = —2.2
, and 1ne closed-r (2 Mk = —11.6 K} isomers
ID and 3D molecular Molecula logic Assembly of molecular :<S)cheme 32). ng
JUBLVO IS 1. cOTapauLErs
Schame 37

Molecwlar mermory
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@_

\

he photochrsmle ind andferomdgnetd praperdes of compaunds 3. 3d, rans-3¢
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7)) Photocherm Pholobivd C_2009. 10. 14%-147 5 Yes Yes Na
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A 201 a
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0.5um g 10- Ooo 1A
Metal
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Blectric Field / V um-!

Rg 1. Device structaze and on off characterictic: lo currant Sow based oa phoralscrrerzatien ¢f the diarylethese. 1A apd 12 Indicate uncolored 1nod coloced staves,

[ ) J Photocham. Cholobiol C. 2010. 11, 7-14
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HOO OO OO0k

Troton daping H Proton dedaping

1 1 1 1
{Gﬁ@#—@ﬁ@-#% "Emeraldine salt farm'
A A “2n

I Photoswitchable proton transfer

{8

)""‘.
'locun. Ih 3||Inh.'l3b '0-'“ B'-l

Hg B, MecDanem of [{DOW0-NndLeed photon Dansier in a TAres-3 @ Malecalar Switch based On poly2nDe ~onGUning A Matoch (O Oye.
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Fig. 16. Temperatule dependence of che electrical coaductvity of a filen af the paly-
met; the selkd circles demote the lnitia) colored state of the polyter, and e open
drries denote is s@ate afrer phatobkeachlog wich visthle-light rradlation. The {(nset

shvvw s che reversihle change (o alectrical copductivity on alte mating Lrradiadon with
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# Potencial de ionizacion del cis / frans-azobenceno (aceptor de e del TCNQ)

T""“'F‘m o S Fotocontrol bidimensional de
] l L l 55 la conductividad eléctrica:
| ] (L E r J
435 rum
Low Conguctivity High Conductivity
R '":._:.:""""'"'::n"'“' R Do sin 2 EE
le T ".r"uﬂ:le light
; . i

Figane ¥ 0L Photoconimdd of cooduchion el @ monnlae:
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Interruptor molecular sencillo o de una via:

Materiales fotocromicos

OFF: rio hay la
transferancla de e

T VIS or heat

ON: hay transferencia i
del e~ y |a saparacion
de carga dura 7= 3 ps )

Fig. 2 A molecwar simgle-1hrow switch, (o 2a, phoioinduced slectron
transies does nol oocur, UV jmedis tion zonvens 1s o b, in which the
berzine moiery can be reductd by Lhe porphyrin first excried smplet
state (o yicld ¥ charge-separsted sate, Vuibk Ursdialoa converis 2b
back into 1he inactive form. g

14 W\‘-l‘“

£ Chem Commun. 2008, 1169-1173

i L‘:‘,WH
K ]
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Fig. & CPD-P-Cyp malecrar aiad 3a is convened to the dibydro-
pyrene somer 3b (DHP-P-Cgq) upon radiation aith UV light, and
visible vTadiaton regenemates Ju. The triad acts as s sogle-throw
misleewlar switch based ob the changes in the oxidation patental of e
photochrome.
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Interruptor molecular de dos vias: Importancia del diserio de las cadenas
espaciadoras en el control de la cinética de la transferencia electronica

N 40 v remiignt 1.5 min 388 nm Ly DHI-p Y.

aolg &0

= 008 | ] — _0/0—
g O,UML o—
hv, 366 nm | [hv, 2580 nm §
heal S aonzp
=) -
D N & aomwof
sl F el UL -
N
HoA o.org | —o\o—
s o
iradiation periods BT -P -Cw

Fig. A Cycling of molecwar double-tbrow swtch 4. rradiation wilh
red lighy photcisomerizes the molecule ro the DHI-P-Cyy form. in

) ) o which photoinduoed eletiran transfer ocours from the parpbyna to the
Fig. 7 Lightconuolled double-throw switch. In da. excitation of the e a5 mdicaled by the bigh raosient absorbance values ot

porphynn leads to pbotoinduced ekectron transfer to produce DR)- (060 om. UV light converts 1he molecule 16 the BT-P-Cgy farm,
P -Ces' ~. Photoomenzaton sith UV light forms 4b. Excitation of whersin photoinduced electron oansfer oocuss preferentially (o the
4b resulis in formation of BT~ -P~-Cq,. Thus. photoinduced electrop  betaine. whose radical ion latks soong absorbance m the 1000 am
transfer 15 directed down one branch of the molecule or the other, feglon.
depending upon the state of the photochromic switch,
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Fotocontrol del reconocimiento molecular:

O™

L

O : __
O (8] )
Qo‘ OD " el
N | Visible Light N
N N Vamm
. (@) 0
UV Light Q/

O

o

Guest Binding
Capability

3 Applcabons ol Supermolacites, Mokacutas Devices and Nanaiechnology, Cap 5. En Supmmaleculsr Chemistry — Fundamentakk snd AppRcabions, Springer, Berdin, 2005.
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Fotocontrol del reconocimiento molecular:

Scheme 33

% of remalned pcrele

% ol remained picrale

[} 3 1 15 ny 1y v

Lime/rnm
Figure 16. Contro! of the concentraton of (3} KPle {(—)
and RbPlc (- - +) in the aqueous phase with 98 in CH,Cl,
and {b) CsPic with 99 by alternate frradiation with 330 &
n=0:97b 70 and > 480 nm light.
n=1:98b
3 J. Photoctrem. Photobiod, C. 2010, 10, i-14. n=2:99

Curso “MATERIALES INTELIGENTES" FNMT, Madrid 21-26/06/2010



David Garcia Fresnadillo Materiales fotocromicos

Otros materiales fotoactivos
« Sistemas con funciones quimicas

Fotocontrol del reconocimiento molecular:

sy LN

Antibody (Ab)
Assneiation “Atg-ANhT
tnsulated electrode

v

o

Anlgen (Atg) monolayer,
ampcromelric active electrode hv,

AV,

Perturbed Antigen

Fig. 4 Schematic assembly of a photoreversible immunosensor elecirode. Reproduced from [49] wilh permission.
copyright 1997 American Chemical Sociery.
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Fotocontrol del caracter hidrofilo / hidrofobo de una superficie:
Controlando la humectabilidad mediante la polaridad superficial del WO,

pu—
o=

»
=]
A

o
[

—_
rs
1

Numbar ol cycles

Absorbance

it

g JCoordinacioh
de agu3s en 1as

Ivacantes de O tormandd ~ -2
O'A'Lﬂup)t \]1-14 p:"lJ_ICJ ——

T T T T 1
300 400 500 600 70D 80D
Wavelength / nm

nanoestruciura rugosa
poco polar

~
~

Fig. 14 Absorption specta of an clearodeposiled 1ungsicn cxde (o
before (3011d 'ines and afler (dashed line) U'V-bghtimadiadon at 6§
10 nm. The insert shows he pholoehrsmic switching of (he absorptioo
change (monitored st 372 nm) during cobsecutive cycles of UV

imadiadon and stocsge in the dark.'%

() J. Mater. Chem. 2007, 17, 45474557,
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Fotocontrol del caracter hidréfllo / hidréfobo de una suparficle;
A  Controlando la humectabilidad mediante b
la polaridad de una merocianina (zwitterion)

S GaTy e &Wﬁ

Zwitterionk Quinotda)

CLOSED OPEN

Fig 6. (2) LV-V$ bght-nduced 1somazation of Spuopyran trom closed (spuocyclic) form o opeo
(merocyagine) form. Two resonance stucture: of the opep form. (5) Exaroples of water drops deposited ov
spuopyrsn funcuonalized sunsecs afier viable and UV irmadistion. From (7]

O Prog. S Sei. 2007, 82, 407-434.
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Fotocontrol del movimiento mediante la polaridad superficial:

N UV Iight
7 x™ ;
>_) Vi Jl ﬂ ﬂ ﬂﬂom: oll
\Q\ 300 Am .\? : droplet
p,‘ e ‘,“/:\ .//> <\\ > - - cis cis cis  cis
. radiente da luz
trans cis d e Eg:\‘i
apolar polar
0 o FLY Ve — ——m—
hidrofabo hidrafilo ‘_ trans cis  cis
causa menor £, . .oy causa mayar E, .1 & Blue
tirando de |a gota ' light 1 1 1 1 1
hacia su zona & =
¢

frans trans frans trans

fame procedure with areverse

diraction shown above
-

cis cis trans trans
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Fotocontrol del movimiento mediante la polaridad superficial:

N

E - isomer )/ - isomer

Ph o, R F hv en |
et — A4 F : U
apolar 0 polar

Au (111) AU(‘HI}

Fig 9@ Tlightewitchable rotaxane with the fuernalkane sraton expnwed (f-icomer) were physsarhad anio a
| 1-mercaptoundecacoic acid<emminated sclf-assemabled monolayer on Au(l | 1) {hydrophobic surfoce). Wumi-
nation with 240420 nm light caused the nanometer displacement of the rataxane thread in the shuttles to ghield
the fluorpalkane unirs ( Z-1somer) leaving a more polarophilic surface.

Una gota de CH,l, de ~ 1 L se desplaza~1 mm a1 um s~ incluso con por una pendiente de 12°

FNMT, Madrid 21-26/06/2010
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Fotocontrol de la rugosidad superficial:

Fig & (A) Revergble formation of opeo and closed forms (B) Revergble changes ip surface morphology of 2
single crysta) of 1 2-divhienylethepe (scale bar: 10 pm): (a) scanolng clectron microscope (SEM) image of che
crystal surface of the open (orw from s side view (x1 000) before UV irradiation (254 or); (b) SEM Lrnage from 3
side vicw (x1000) of the sumace after UV irvadiation (254 om, 12 W, )0 rin) and stomge in the dark for 24 h. (¢}
SEM wmage froru a side view (X1000) of the surface afler iradisrios with visble Lght (>S00 arg, 500 W, 20 roin)

(TR Y I3 YR IH T and siotage o the dask for 24 b. Frow [51).
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“Smart gels”

COOCH,

" ./‘Q(J -
m —_— SOL
T, (G

T, (5aD)
Mcadeg)
bv (roating)
366 nom a
H
N\-/*/},\/COOM)
s
Ht
NaOH

Z1J Photocham Pheiobio) A Chem. 2008, 200 57-67
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cycdlohexane

—_—

-
ethanol or heat H2(|: Cl’HZ
. O--H-O CH
antiparallel open form H.C 2

L~ )
3a 0-H---0

parallel open form

)
3b

hv' hv

Gated photochromism
Forma especial de fotocromismo
en la que una (3a) o |las dos formas
del sistema fotocromico (3a y 3c)
se transforman reversiblemente,
quimica- o electro-quimicamente,
en una forma no fotocrémica (3b)

closed form (colored)

3¢

3 Pure Appl. Chem. 2001, 73, 633-665.
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Acidocromismo

In acidichromism, the protonated form and the conjugate base of some compounds may have distinct-
ly different absorption spectra. This phenomenon is well known for phenols and aromatic amines. /It can
occur in addition to photochromism, e.g., for spirooxazines (SO) which generate merocyanines (MC)
[23] as ilustrated in the following scheme:

H +

SO = ——= SOH
OH

7 A N |
Photochromism or vis|| YU-V- orvis|| YV Photochromism

-+

S MC = ———= MCH"
OH

~ 7

Acidichromism

In some cases, it is possible to take advantage of acidichromism to develop nondestructive read-
out systems in which one of the forms can be used for readout and the others for writing and erasing

Curso “MATERIALES INTELIGENTES” FNMT, Madrid 21-26/06/2010
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Compound 4 may be reversibly transformied to 5 phatochemically, 4 being clectrically inert and

Dua’-mOde phot'OlChrOf.nlsm 5 being aclive and reversibly oxidized to & within the =1 to +1V range.
Fotocromisma caracteristico de sistemas £ 108

complejos que se puede activar por dos
estimulos extemos diferentes, como luz o .
corriente eléctrica. En dicho caso el N
fotocromismo y el “electrocromisme” A
se regulan mutuamente .‘--\v..__ i

7 \ '..\

\‘ .
\__“--h . A/am
TDU } 800

- . Almacenamiento de informacion
= -2h° *2H isk Los datos se “escriben” (4—5) con luz UV,
se “graban” (5—6) mediante un proceso de
' oxidacion electroguimica, se “leen” (6) con
luz VIS y, tras un proceso de reduccion
electroquimica (6—5), se “borran” (5—4)
con luz VIS

between
-1V and + 1V |

Vis (>600 nm)
I
I

~—
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Almacenamiento Fo” NF;
de informacion:

i\ Me jj \
Me” N7 Ma Ys” TMe  Me

1

the three colcuss showed that the three components ace packed

in 2 swndar manper and undérgd photochromic reactions in () A
the single vrvstalline phase. In additioo, the combinabon of :
“ON™ und "OFF" swtes ol coch prumary codour gave cight

colours (2° = 8), such as colowsless. yellow, red, blue. crange,

purple, green, and black. All the colours art thermally suable

and do nor fade v the dark. They arc completcly bleachsd by

oo ®
L—ﬁ

utadiznon with wsible Ught (» > 450 pm). Such roulti- )
coloured photochramuc. crvstals have the potential for applica-| . ‘
Sy

ton o mulu-Trequency three-dunensional optical memory| @
media and photo-switthable full cotour displays.

Flg. 2 Phowgraphs ol partially woloured crysals 1-3 {a) and 1-23
[ ) Cham Zommun 2008 3885 1804
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Almacenamiento
de informacion: *
N\ Mo
—
He-Cd Unsar S8twubar £ Bsam
S . S ¢ Expurxdar
Lnasr | -
8eam splifter Leng
[ |§D'B¢;m .
e OCD Camans Beam Bpiitiar |
\ | ..‘_‘-,:., B —
=3 Objattve Lana Campuisr
| ORNNANNN (40 X, N A.c0.85)
| Cover Silp
Figure 3 Prinduvle of 3D vplical ternories as propused sui.sncy-a/ —1
by Renzepls et al.V’ Xy, 2 Suaga

Figure 5. Optical setup for recording 3D blt information
In photachromic memory.

(O Chem Rev 2000, 100_177)-1784,
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Figure 4. Updcal system for the readout of 30 memary
A near. [R differential phase-contrast microscope was used
for nondestructive readout
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de informacion:
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Puertas logicas moleculares:
Se obtienen por combinacion de

interruptores moleculares

1 Cham, Comvnyn. 2006, 1168-1473
12
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m R Al
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ADVANCED

phatonics and dhecuoma ringing lrom the relatively timple
naooscale eamitter ond complementary logic (hat ¢aa be ob-
wined fron siagle N1n0r0d p-u junchions Marcover, the di-
ieal growih of modulxliva-doped osnorods climnatar ihe
lithoyraphiic steps used (0 creale doped aznotube p—n juec-
tions 'V Therelore, we beieve thit tonirolled growth of

modulaliun—dopcd 63narad p—a junclioas represents 30 ad-

vance over previous work U1

Experimental

GV Arng 1ads weve e in 3 hodvonal HVPE wyotm. In iN grgmah peo-
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Light-Unven Side-Qn Nema(ic Elastomer
Aclyatars*®

Gy Min-Hui Li_ Patrhck Keller.® 8in i Xiongong Wang,
Monique Brunet

The search for “smact materizls™, whieh respond 10 extecaal
aiimuli (pH vanation, ion concentizlion, Lemgerdture, clecitic
ficld. ¢1c.) by changes in thape of size, hax reecently allracled
cansiderable altenhan fram the materipls ccscarch wommu-
@ty In aduition to classical approaches such as the shape
memory of alloys or Feccoeleelric golymens (PVF;) many
aew malcnals and approaches ase under aclive nvestigslion,
including hydrogerst™ diclecrric clastamens™ shape memary
polymers™ condueting palymers Ol carboa asnatubest! aad
{erreclectric liquid-crystalline elastomers!! [n addition 1o the
obwvious attraclivenesy of auch studies in basic icace, Iniifi-
dal mygcle systems have many patential applicatians of great
inleresy, inclading scrving as the matccials (oundation for feb-
rication of $ensors, micco-roboly, micco-pumps, and actuglars
with combinations of sizc, weight, and performance garame-
ters beyond (nase curreatly achievante !

Fallowing exicetive work on thermomcchanicdl progertics
of acmyuc liquid—rystal clastomers by Finkclmana® and
other Tescarchers ! we have recently developed a new kind of
such an zedficial muscele using side-0n aemslic liquid crystal-
line clusiamens!™' These systema bised on ideas proposed by
de Genneo!''l make use of u conformational ¢hauge of the
polymzr backbone 3t the acmatic o isotropic (N-I) phuse
traasition ag e molar [or A macroscopie coniraction.

Some yrars ago we demonstraled, using neutron scattecing
cxperiments, that the polymer backbone ia sidc-on ncmalic
lquid ¢ryslalline polymers it sivongly exteaded along Ihe ne-
maiie diceclar, wilh anuotropica of the radii af gyratiod
(R¢R ) al araund (our ' Atthe N rransition, the backUane
conformation becomes 15otrogic, adopliog 8 classical rasdora
coil driven by calropy ¢ is this conformacional transitian,
wihich can be visualized a3 2 (ransilian fram /aw spaghetui 10
cooked spaghelic, that we have explosted in our "musele™.
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As stated previously P! in ardec 10 visualize at 2 macroscop-
ic level this con(ormatianal change dceurring st a molecular
level, 3ll the macromolecules in (he material have 19 be ar-
ented parallcl <o esch Other in order ta (orm 2 nematic liquid-
crystal monodamain, Thig aligament is requited for mast
applicationg of liquid erystals (LCs), end can be obuained in 2
vancly of ways. The sacramalecules alsg ouse be strangly
associated in order Lo memqve the passitility that individual
arolccules chsnge theie shapes and reorent individually by
dliding. In the simplest approach, this association is ablaincd
by cavalent crosslinkiag.

In ow previous experimeaw.™ the required alignment was
obtained in the nematic phase of the moaaomer using rubtbed-
polymer alignment layers Thus, LC cells composed of two
glass windows sepdvsted by spacecs were [abrcated, in which
the wingows were spin-coared with palyimide, which was then
mechanically rubbed in arder (g induce ¢ unilorm planar ori-
catatign of the molecules in the nematic phave (molccules lay
parallel to the plass windows with lheir long muylecular sxis
parallcl ta 2 defined oncatation direclion, the rybbing direc-
tign), Suc¢h a cell was flled in (he Isotrapi¢ phase wilth 0 mix-
Wre composed of 2 nemotic serylate monomer, 2 discrylate
crasslinking sgent, aad a phatainitistar. Upon stow cooling to
the nemulc pbase, Lhe molecules align parallel to the surlaces,
giving (e desired unifarm planac alignment, The sample was
then irradiated with UV light in grder to induce polymcriza-
uon and crosdinking at the same time, “lreczing” the onenta-
uon of the iemalic phate in 2 aemalic LC ¢lastamer. In the
ruasl difficule aspezt of the prepacation, (he cell glates were
carefully pried apan, sHording the (ree-sianding clasiomenc
material 8s 3 thim sheet (30-100 um) with cypical latgral di-
mensions of 1.5 ¢mx 3 cm.,

When this shect was bicated closc to iu N-J wranailion, it
started te contract alang the nematic direelor axis The Lypical
conlruction wss around 3545 %, depending upon which
monomers were used. Pretiminary mecbhanicsl characteriza-
tions were performed that gave cilimates of the gencrated
{orce (around 210 kP3) and the specd of (he thermo-mechani-
cal ef{ecl (a (ew secondk (oc (he contractioa bul a much longer
time (or the exicnsion. duc (o the fow thermal conduclivity af
the clastorer).'™

Although these resulls arc very promising since we wcere
able 1o prepare arnficial muscle with mizchanical properties
approaching thosc ot higlugical muscle, the main drawback of
our approach is the sumulus used, i.e, the tempergture jump.
It would bz much more interesting from
varigus vicwpoinis o use other simuli (ot

the NI marsition. The disorganization ol (hc mesogenic
groups in the isalrogic phase results in a ecduciion of the on-
eatadianal coupling berweed the mesogens and the polymer
backbone, (hys inducing a trangition rom a strciched confor-
mstiaa 10 2 globular conformatioa for the backbone,

Qrc can assume thet upoa application (o the oncated ne-
matic side-0n LC elagtomet of any stanulys that induces 1o
some ex(enl 2 perturbatlon in the arientation of the meso-
genic groups, there will also be induced changes in e global
organizalion of 1he Dackboncs mimicking the phcromenon
that oceurs aL U N-L (nition.

In the (ield of liquid erystals. it has been known (o0 years
thatin azq-containing molecules, a liquid erystalling (o isotvo-
pic phase transltion can be induced upon irradiation with highic
of suitsble wavelength, The light-induced phase trynshioa is
provoked by 8 1rens- (0 ¢ir-photosomerization of the 320
g/oupa inducing a large ¢hange in the shape of the molccules
{rom & liquid crysial rad-lke shape for the rans-isomer to 2
kinkcd aon-mesageaic shape (ot e dis-isomer,

Statting from gur thermally stimulated “3ligncd” ncmatic
side-ca clasiamer actificial muscle. our nalural goal was to
prepare u pholochemically stimularzd, onented ncmatic az0
sidec-on ¢lastomer artificigl muscle. To our surprise, 5 carcfol
literaturc scarch ou the photochemical synibesis of pere
oligned aro aemalic elastomers gave no results Obviowsly,
therc were lechhical difficwiics (0 overcame in order ta pre-
pare such matenaly, We quickly reslized thst the problem was
maindy related (o the phatgpolymenzalion process we were
planding 10 us¢ in the preparation. Sine¢ the 220 chromo-
phore absorbs light strangly up 10 550-600 am . the photgini-
tators wsed should be oetivaied at a wavelenglth ubove
600 nm. We thus sclecied the ncas~infrared phatoinstiatoe,
1.33.)°.3° 3"-hexamethyl- L 1-chlaro-10,12-propylenc-uicarbo-
cysnine triphcoylbutyl borale (CBC), Grar syatrcswed by
usd and used in the ghatopolymenaatiaa in bolk of various
acrylate monomers, We (irst tesied ¢he cagacuy of the photoi-
niliator in the peeparadion of a clasnweal {i.c., now-320) orieai-
cd sidec-on nematic elastomer. Upan irradiztion wilh ved light
{1>600 nm) al 3 mixturz of the nemalic methacrylate mono-
mer V1Y (90 mol-%) and 1.46-hcxancdiol dimethacrylaie
{10 mol-%) containing 0.1 mol-% ol the pholoinitiator CBC,
a nemalic clastomer (E-U %-nz0) was lormed, Which, alict re
maval {rom the ceR in which the photopolymeniation was
perlormed, exhibiicd a contraction of rrounnd 18% at the
theems] N-{ transilion. See Figure ( for monomer sivoc(vres.

contraction B our side-on nematic liquid- CHy= ¢
ceystalline ¢lastomerx g o

The object of Lhe present communicatisn ‘2,.“). PPty
is 10 ¢xplore un approach Lo ¢realion of & ENEY
pholochemically driven LC <clastomeric s o C.MOO—Nw-D-o-EO—a:A
muscle system, Qm—O——é-D—D—O—E—Q—OQm

As outlincd previously, the motor (or the
contraction in side-on LC elastomers {8 the Manomes ( Mongmo 2

conformational change of the backbone at
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We Lhen prepared scvers) orieated a20—conlzining methac.
rylate ¢lastomers, E-25 % -020. E-50 %-320, ond E-100 %-510,
from mixtures of moaomer ¥ aad monomer 2™ coalaining
0.2-1 maol-% of photsinitistor CBC znd 0 mo)-% of 1.6-8cx-
ancoiol dimethacrylate ((or example, in E-25 %-810, the wole
73410 between monamer 2 aad monsmer 1 is 25:75). Upon ir-
radiatiun with red light (1> 600 nem), elastomers were (ormed.
whizh, afller removal from the cells, were oblained a8 small
sheets o( yellow plastc with 8 thickness around 20 um. and
typical lzlerzl dimensiont of {Semx3cm. The Nims weee
held 3t a temperature of 70°C, well below their thermal N-{
phase transiion Ta.; (belween 86°C 2nd 90 °C depending on
the composition). When gubjected 19 UV imadiation
{1 2 365 nm), thesc Glms contracted quickly by vp 1o (218 %
(sce Fig. 2 (or |kt contraction ol E-25 % -a70). Mareaver, (ot
all the elastomers, the exteat of contraction rggered by lhe
UV irradiatiyn was euentially the same 3¢ that found in Lhe
thermally induced N-1 trassition {s¢cc Figs. J,4). Alsg, the
extent of the contraction was (ound to be dependent upon

Fig. 1 Eaflomcr E£13 % 314 4) befare UV imdianen. sad b) undor YV i
déation lin rdmivaed Ivme UG 1) (B ackyround u i poulusied paper)
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1] 3 1a 1 n

Twne  gpowe (min|
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W Tds with the fusttion £~ 5, (0-c”™") wierc F,_, it ¢ tatawnal conirne-
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mAWRBN contADEGR) 1 oar b3 Ma MY a und 135 fui G Feara
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the inteadity of the light used, as secn in Figore 3. €ou
E-2§ %-370, the contraction fraction wend from 12% for »
light inteaticy of 20 mWem™ 1o 17 % (or an iatensity of
W00 mWen™ AL fae the specd of the responsc 43 3 anction
of the concendration of aza-monamer in the zlstomery the
£-25 % -uz¢ clastomer wWus the tastest. wilh o charadiensiic
time v of 13 5 undce UV light of 100 mWcm™

Campleis reverwal af the contcaction (00k pluce aftes the
UV light was swiiched off becadse of the thermal ¢is (a irany
back reazifon of the azobeazeac. This grocess was slaw for all
the swidied clasiamers {on (ke arder of 30 min-( h). A r¢-
verse co-7ars rcaction induced by irvadislion at 440 am was
aliempled bul gave 3 sWpdsing result. A balogea {amp
equipped wath 3 hol muraor and 1 long-gass {ilier was wed @
order 16 obain Night wich 1=450-700 un. The efasiomet
shect E-160 % -3zo. which had been contracied by expasure (o
UV light. was then illumiasied with this visible ligh(. The ex-
peded expaasion wis nol abserved and. morc suspnsagly.
the thermal expangion was even blocked by thc expasuse (o
visibic light. We then girecily ilumusated the ongindl dasto
mer sheel with vigble hghl withoul previous UV ireadation.
A photo-coatraction riggerzd by the visible lighi was ob-
served. The reasons for (his are not towally cleae al Uis poial
bul mighi Gc duc 10 1he broadening and rea-shifling ol the 2b-
sorplion bands of (he 320 groups in hiquid crystalline polymers
Ihat was reported previously.'¥! Another cxplanation mighe
be 1bol, under visible Lght, Ihe trans—cis 1SOMer2anon via the
n-n* mode is predominapt comparcd W the ci—~rand \<amen-
zation in our porucular 3zo system.

Phato-mechagical ellects using the phatoisemenzation of s
¢hromophore as the aclive phenonienon have already been
obscrved in vanous systems!" ! Apoliai and Gay" Y reporicd
a small suress iacrease in a film of semi-crystalline poly-4.4'di-
pheaylazopyromellimide &l constaac length under UV illu-
mination. Smets and Blauwe!® gydied rubbery poly(ethyl s
cylate) crasslinked with s dimothaerylalc containiag (Wo
spiropyrane groups, 3nd observed a 2-3 % shrinkage vpon ir-
radialion of stretehed samples al constant iemperatuse. Eisen-
bach!"™ used an azobenzcne-conlainiog croselinker to make
the rubbery poly{cibyl acrylale), and abtaincd around 028 %
canlraction on loaded film under UV illurmination. In the last
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1Wo eyamples the chramophgre acientation wus addeved by
8 mechanicsl strewching {arce. The conformadnanal change in
the ciromophore upgn (rradiation caused 2 chanye in the con-
formation of the adjacent chan scgments, whuch was cansid-
ered 10 b \he Main causc for the small conttaction. Recently,
Finketmann™ and Hoganl®! uwsed a20benzene-concaming
aasslinkers and/or movorers (g prepace monadgmain side-
cnd ncmaie efastomers by 3 1wo s{age craslinking technique,
the sceond stage being performed vader impased extension.
lo these mases Ihe roms~is ghotoudomeniianon of the azo
chromophoics induced a lowcering or supprestion ol the ac-
melic order. The coaraciinn of these elasiome s along the ne-
maRy director reached 20 % shier houa of UV ircadialion. In
our syxtcmn, the light-indueed srang—~iy isomerizaion of fhe
azo chvomopborcs that are wn integral part of the nide goups
induced 1 complete loss of the aemalic order, 88 Can be seen
lrom the equal extent of the contractions observed both Lher-
aally and phocochemically in all elastomers

[a this commuynslion, we have reporied (or the first lime
the synthesis of aligned nemadic 320 side-on clastomers by
phalapqfymerzalga usiop 2 aczr-infcared photoinitiatgr. The
phalopalymcaratioa/pliacocrassliniaog reacion  was  pee-
tarmed an aligned nemanic 120 monomer in conventional lig-
uid<crystal cells Thin films of these elastomcers showed (ast
(less than [ mia) phalochemical conwaction up Lo (R ¥ trig-
geced by UV light, the stow thermal back reacuon belng ob-
seeved in the dark,

Additacs wWhich ¢an be activeled by reaiqre sdimuli might
have intceestiay 2pplicaligas in vacious ficlds, for example,
qiceo-gudps aad gates ia raicrolluidies The mematic 279 clus-
tamcrs repunicd here could be good candidetes for these ac
tuators. Moreogvee, (e dse of elficicat near ialraced phoraiai-
tiators (a prepanng algned clastomers miight be applicd 10
ather cases where (he moaomers (0 e polymenzed have
slrang alisarplian bands in the UV and vable raage For ex-
ample, these ac¢ar-inltared ghowdinjtiacory could be used to
prepace aew [erroclectic (1Quid-crystal clastomery with iater-
zsung giczaclectfic and NLO groprelies

Reccivea: Ocuodes 24, YA1
MAasl veqion. Oerembder 2, 1001

N Elenosinve Polymes 18APL Aumoss & Antfitiol Musile = Redldty, Po-
wranod and Chaftenges (B4 Y. B1-Colen). Vo PMP SAIE~Sou oy of
Paols-optinal laxtumenuaonr Engiauvin Beclfinghva, WA DY,

A Z 3 Lo P Cadven, Adw Maree 00,1 ). 20,

] R Porwac R Kasabhuh, O. P, ), bocoph. Neceats L0, 267, Ha

14) AL Leadicla, AL M SO0, R IAger, #r0¢ NIX, Arod Sel USA AL,
98, Bl

1) ROR Baugioman, C. Ol AL AL £Laldwdov, 2. Iqual, L N. Gara, G M
Soany. G 6. Mflce, A Maradkdi, O. Dt Rawn, A. G Riarkes, O
hawdnmb S Rob, M. Xariere Sarace U, 284 130

JAl % Ledmwan, H. Supn, C. Yoltida!, €. Gaabard. R, 2em@, P Kogeor,
M. Lenade, F. Xreaws. Nanver V0N, €16, ).

I T Exclan ) U NnGison, L KaJsadcn. G, SG@nL /- Wlomeh M)
moeng 100,201

18 1) 1 Kplor. M. Ralelmann, Molromol Ovem, Raprd Commaan, 199,
17, 117.0) H. \W%eeanter VL. Ralddmana, - Palym. 100), 013,

19) S M. Ooike, A Voo, AL R Tajuakdufy, B. M. Memjev, rhys Rev L
W0), o4, D6J 0L

(W) O L Thomaen P Kellar. L Naon, L Ank, H, Jcon. O Sheaoy, § R.
Ratin, Magomolctulos tN] Ja $86Y.

n O M10) WILEY-VCK Verleg GabH & Ca KGaA, Woshem

Y] 2YP-0. 3¢ Genazy C R Acad Sdl. Paru Ser § 1975 287,101 8) F.-Gldc
Genngx, Phyt Lei. 1909, BA, 725. ¢) P-Q. de Geones € R. Acod. Seu
Podr Sez 111972, 031, N3,

(1 3) M Lerouxn P Ratler, M. F, Achurd, L Nuirer £, Hordguin, L Phye )]
I3, L Ui B) M. Lerauy, M OF Azhnrd, P Keller, F Hardanin, (e
Crpse \994, 13, 07D,

(1] S 2hang B L, L Tang X Wawg, D. Liw Q. 2. Polymer 1801, o,
7518,

[V4) Th moasmer war pieparcd uring 1 synthelic scheroe somilar io the one
dacded 1 P, Kefiee, D L Thumsen, M-H. Ll Macrgmelecwes WO
AN

[IS] M- U, P Aycoy. £ Xeller, Lic oy 1000, 27, 1197

(6] D. Crecy.in Oreanie end Jatupoaiy Phistochemmnry (Edu V. Ramamynbiy
K 3. Sdrige), Wand Qechar, New Yorw 1938, 119,

(1] & Agatiag. ¥ [ Gay Maconefeades 194, ), 143,

{14 O.vie der Veea, W. Pria Muurg Payr & (07,100, 80

[19] O Sovea € 46 QLuua, Aurg Appl Chum BN . LB

|20] C D.Eucubich. Palymes L840, 1), 1178

121] VL & 8k FL 1. Pague. L £ Rioajon, Polymer 1988, 7/, 1195

11 H. Nnledimann, C Nohiaws & G 'adm. M. Wamo. Phyr Rev Leo.
2001 87,015 $01.

123) P M Hogon. A, R Dibutlah £ M Torentrn Phyc Rev £ BAL &,

0ol }.

T. Ixchars, M. Tagke $ Shisvda. H, Migarin Svas AcAwior A W0

4 LY.

(2

Spin-on Nanostructured Silicon-5Stlice Filro
Displaying Room-Tempergture Nanosecood
Lifetlme Photoluminescence**

By Yair Cohen, Benjarin Horon, Herndn Miguez,
Neil Coombs, Sébustien Foumier-8idor, John K. Crey,
Réni Beoulnc, Christian Reber. and Geoffrey n. Oun®

The search for 3 sihicon-basud ligbi<mitting diode (LED)
that casily imtcgrates with silican microclectranics and has
ulily ia optoclectrarucs or pholagics has ingpired watervls
rescarch for more than 3 decade!'! (n 1990 Cunbam discov-
ered photolumincsocnce Gom porous sUicoa made by clecwo-
cyemical anodic oxidstion of p-daped silicoa wafers™ This
breakihrough initlaied iotensc reacarch sctivity in miccofabn-
€anon and scif-axsembly approaches ta dillcreni kinds of lu-
mincsecat yilicon asnasteuctures sunable {ac LEDs!™ How-
ever, 1is hgs not peovea 1o be wn caiy t93k betawsc a
peaclical siheon -based LED mygl satisly numceroud siragent
citena that waclude high quantun cfficiency emission at coom
temperature (RT) with aanvsccaad radistive 1felimes loog-
teean chemic). thermual, aud mechanical stabddy, as weli as 3

') Prd. O A, Qun, De. ¥ Cohan @ Hiltas, D K. Migue
Oc M. Coomba 3 Fuurnier-0ivol
Mavwahy Chomiugy Rerasrth Grouy
Qegprnnacns of O wtry, Cash Mlder Coemrcat Lhanatyiier
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1dcwio 1f, Camming & Vero Ja, Unlessigad Nolltéorien d¢ Walenddu,
G402, Valeaua, Spoda.
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Triggering of Guanosine Self-Assemhly by Light**

Stefono Leno, Paolo Neviani, Stefono Masiero, Silviu Piecaccini. und Gian Picro Spada”

Comirolling 3 funclion 21 e wolceular Jevel by means of
excensl gimuli iv one of Ihe key rcquirements in he
developmcal of “siaan” wmslcnsly and lighy is a wvery
appealing trigper because of i1 rendy availabiliy easy
menipulatian. and naoninvasive charadser'! In pamicvhar,
self-assembly processes thal can be conirolled by pholo-
chemial stimuli are an serively pursued research field and
onc yltimate posl in supramolecolar echemisiry™

Tn recent yosrs lipophilic guanine derivatives (lipoGs)
have reeeived ingreasing eucaudn because of Vheir rch
supramolecylar behpvior C ' Maost of 1he supramoplecular
archilectyres obtoined bcomt lipoCs end 50 (sr reponed in
Whe ligeralure reyuire the prescacse o 3 estion (Usually an
atwatc-merol cation, dul 31so ap sl\aliac-canth or lxnlhanide
atiaa) chac gabilizes the G-quancl-boted  assemblics
(hrough dipole~ion inieractions (Figure 1a), Haowever. even
in the abyence of mcia) cations wilable lipoGs arc able lo
undcrgu cxleosive scll-assemdly mediarcd by H-boading
b<iween guoning bascs thus lesding o the (drmianion of
ribbanlike archilcetores (e.p . Figure 1D).

L g
e g

Frgune . a) O, yymomeing aclyme? and b nhtanhte o hleclures,

We have 2lxady demonstrsicd the chemically diven
swilching becrween diflereat sugramolccular matifs (o7 ipoGe
borh in solunon® ang 3 (he yoligiliquid interface ! Herein,
we rcpo/t e pholotonuzalled scl/-asembly of 3 modificd
gusnosin¢ nucleobose. Comgound {E)-1 (S¢chemie 1) in the
presencs of 3 meawied amaunt of KU sali-asycadles «ate 3
O.-symmerric compley corsisiing of (ma stached G-quoaicn
Photoisomenra1ion 16 Lhe Z lsomer determuines the decom
position of 1he ovtamenc tomplex, which is re-farmed whea

{*] Or. S Leas. £. Neviani, Prof. § Maugio, Ou. & Berscom,

Prof. €. P. Spads
Oipaniments di (Mimws Orgraaa "Al Mangondc Atma Mates
Sovdiorum— 1irivet) dn Bolkogny
Via Sar Clacomo 1), (0226 Dologn (Itay)
Exmail: guuapieso.3pada@uabonit

£ Thit wart was supgarted by the Unpwerthy of Bologna.
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Schama v $yathept of (.3, 3) NBS, b} vom) phrayisapdbasanic
104, N, (O, " 111°T4, PA(OALY,: ¢) acetic anhydnde, OMAD. NBS = ¢
bromorecommide, TPPYTS | 1 (). sulfophe nyl) phosphine 1 Ladivm
wl, DMAS = 2-dimcthyhh mnopyndine

the molecule iy reveried 10 the £ ivome by cithes thermal o1
photochermenl back nmomeretion.

following our cxpericnce with photoawitchadie 1yy-
temeP ™ for the iniroduction of phatachemical cantrol ove!
guaaounc self-assembly our Mgl BppIoach was Lo intiodule
an azobenzenc moicly in The 8-posiiion of the guaning base.
We expecied thal, if die pholoactive inoiely were placed clow
(o the stes of basc recogrilion. the gcometrics) changes
associaled wilh phowisamerization of tbe 310 chromophore
would hiave resulied 10 swong effects over gusnine 3clt-
sssembly. Unfonunaicly, the compuunds obisined did not
show the desired supraaiolecular behavior. \Whie ihis work
wal in Progreu. intercsting rasultg were nepored by Ogasa-
wara and Maeda! for ohigonuclcotides canbining 2 modifed
guanasing, in which aa arylvinyl moiery hig been inhioduccd
atthe B-position. We \her=fore vurned our anention to the J-
siyrylguaaine moicty s the pholaswitching snit.

Ocrivative (£)-1 was oblained in three steps (rom nuiuisl
guanasine (Schernc 1), Bryminadion wy 1he B-poxition wiIk
NBS foMawed by Suiuki coupling with 2-phenylvinylbo/onic
acd and esicrificslion of the hydroxy functions with aetie
anbydeidc stiorded (£)-1 in o 48% overall yrcld 3t the puic
1»mer.

Compaund (E)-1 disolves 1eadily in MeCN. The
'H NMR spocuum of (E)t (Figure 23) va CO,CN ($ mu)
shaws sharp sigosld whicle suggesa (hau exicnsive self-
agemdly 10 [orm dbbonlike 3ggrogiles Uocy not oocur
vadcr mesc tomditions'™ This fading is supporied by

- g
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Rioispain H-boading. Aceordngty, the MOELY meomssm sow
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sratign e s Smprosag lelorentee ] oy oaly 3 weal
{seguuive] signal The proiite ol mon apermsponabie o the
CD wpecirwm of (E}-1 & BoOH. 3 sompruag solveas i
bpdiogen Domdany U PREREmorg il piescare of § Gmage
progec bpem ol (EJ L Upon wrmldiion of dus McCM
sobmieon 31 §6d e, ()1 howwerioes o vbe T iorm oed 2
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5 Applications of Supermolecules -
Molecular Devices and Nanotechnology

Up tonow, we have discussed the formation af various molecular structures and
assemblies - supermolecules - via supramolecular concepts. In this chapter,
we move away from supermolecule preparation and consider practical ap-
plications of supermolecules. Approaches ta fuactionaliziog supramolecular
gystems are explained as various molecular devices are introduced Molecular
devices are functional materialsthat are structurally precise down to the molec-
ular level that are constructed using the concepts of supramolecular chemistry.
Supermolecules capableof electron conduction and electrical switches {molec-
ular electronic devices), supermotecules that respond to light and menipulate
photounic information {(molecular photonic devices), supermolecules that can
be used for information processing and calculations {molecular computer),
and supermolecules that move, rotate, and catch targets {molecular machines)
are introduced as examples of molecwar devices. Well-defined molecular as-
semblies provide useful devices for direction-controlled infor mation transfer.
These examples suggest that supramolecular chemistry will be the main too)
used in the development of nanotechnology - technology based on devices
with nanoscale features — which is predicted to revolutionize our lives in the
pear future.

Contents af Thic Chapter

5.1 What Is a Molecular Device? The development of ultrasmall functional
gystems Is predicted to enhance our standard of living. The ultimate goal
of ultrasmall technology is device preparation using supermolecules.

5.2 Readlng Signals from Moleaular Devices In order to ruake use of the
output from a molecular device we need ways to evaluate the state of such
a device, Often this is equivalent to reading the sigual from the device.
Various external devices, from simple electrodes to STM tips, can be used
to read signals from molecular devices.
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5.3 Molecular Electranic Devices - Controlling Electricity Using Supermolecules
Molecular wires and molecular switches have been developed for mofec-
ular electronics. In particular, much of the progress made in the field of
molecular electronics is based on the application of carbon nanotubes.

5.4 Molecular Photonic Devices - Controlling Light with Supermolecules It is
expected that photonics will be used in many applications in the near
future. Molecular recognition can be used to control light emission from
molecules in molecular photonic devices.

5.5 Molecular Computers — Supermolecules that can Think and Calculate Molec-
ular logic devices that can process multiple signals have been combined
into a molecular calculator. A DNA-based computer with parallel informa-
tion processing has also been proposed.

5.6 MolecularMachines-SupermoleculesthatcanCatdh Objects, Moveand Rotate
Molecules that rotate in a certain direction and actuators based on carbon
nanotubes are explained. Mechanical control of molecular recognition and
mechanical movement based on molecular recognition are also discussed.

5.7 Molecular Devices with Directional Functlonality - Supermolecules ThatTrans-
mitSignalsin a Desired Direction The ability to direct the flow of information
in a desired direction is crucial to molecular device development. Con-
trolled organization of functional molecules, mainly using the LB method,
was used to prepare molecular devices regulating electron or energy flow.

5.8 Supramolecular Chemistryand Nanatechnology—Looking Ahead Nanotech-
nology, including molecular devices, are expected to play a major role in
many future technologies, such as those associated with space exploration.
However, the ultimate examples of nanosized systems are seen in nature.

5.1
What is a Molecular Davice?

If we could create a molecular-size object that worked like an IC tip, incredibly
small cormputers with very high information densities could be constructed.
Such a dream arouses our scientific curiosity, and could also significantly
enhance our standard of living. Some of the most serious problems faced by
the world today, such as environmental pollution and energy production, are at
least partially due to the large sizes of various important devices, machines and
apparatus. As well as resulting in poor energy efficiency, a large device/machine
size limits portability. Therefore, to use such devices/machines, we have to
travel to the places where they are located, which can result in traffic (and
i
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wts associated prablems, such as pollution) and can encourage averpopulation
in some areas. If the sizes of the devices were reduced to make themn more
portable, we would not need to travel 10 use it we could carry the devices
araund with us. Therefore, lhe development of highly fonctionzl devices of
a size comparable to cellular phones and watches would revolutionize our
lifestyles and standard of living.

One of the ultimate goals of those developing new devices is the pceparation
of molecular devices, where molecules or molecular systems replace funciional
units. Molecular devices are expected to provide the key to che developrient of
nanotechnalogy.

Concepts of molecular devices were first propased in the 1970%. The ex-
ample shown in Fig. 5.1 was proposed by Forrest L. Carter of the US Naval
Research Laboratory. He proposed a molecular device where functional moi-
cties were bridged by conducfive links. When an eleciron is added from the
input terniinal, the pasitive charge at the end of conductive (SN), chain is
neutralized, which is awompanied by a3 change in potential. This potential
cbange suppresses electron tunneling and 2ffecls the conduction of electrons
between the V(-) terminal and the output terminal. Introducing a variety of
input termiaals would lead to the development of s system whete (he signal
output was controlled by the paitern of inputsto the system.

This example is based on a cavalently linked, complicated molecufe which is
difficultto synthesize We can overcome this difficuity by using supramolecudlar
concepts. Complicated [unctional systems can be constructed through the
supramolecular assembly of relatively sirople components. The supramolecular
approach has the zdditional advantage of permitting us great (reedom interms
of combining functional parts.

Input lnput
(SN}, o SN,
1 R_ R I

o \I":
N . .
NWN’”FN}SNi)ﬁUt

Figura5.1. Pxample of 2 proposed molecular device

z




140 5 Applicarians of Supermolecules - Malecular Devices a0d Nanatechnology

5.2
Reading Signals fram Molecular Device

Before we loak at the preparation and funclionality of varicus molecular
devices, we will first consider how evaluate the state of a2 molecular device.
Evaluating the state of a molecular device is often deeply cannected to an
impoctant process: reading the signal (rom 3 device. Malecular devices are
usually combined with external devices that can take in signals from the device
and convert themn into a form that we can understand and interpret. Thecelore,
3t is important to understand the methods used 1o evaluale molecular device
stale.

There are actnally aJarge number of ways to evaluate thestate of a supramo-
lecutar system used in a malecular device, snd so only a few - the mast im-
porlant - are explained here (Fig. 5.2). When the targets are supermolecules
dissolved in solution, spectral melhods are widely used. Malecular interactions
sometimes induce varjous changes in the nature of the supcamolecular system.
For example, changes in electronic state are detected by UV-Vis absorption
spectroscopy and fluorescence spectroscopy. Changes in enantiomeric struc-
ture and the enviranment of the molecule are evaluated by arcular dichroism
(CD) spectroscopy. Nuclear magnetic resonance (NMR) spectroscopy and in-
fraced (IR) spectroscopy, which are usually used to detezmine the chemical
structure, are also useful (or evaluating molecular interactions. For example,
these methods provide powerful ways to determine hydrogen bond formation:
hydrogen banding causes shifts in the NMR and IR spectra, meaning that they
can be used w determine the sites invalved and the strength of the bonding.

Analyses of ultrathin fUms are also conducted via spectroscopic meth-
0ds, but highec sensitivity is usually required. n-A isotherm measurement

in Solution Malacular Assambly Immobilized
(Ultrathin Film etc ) Supermolacules

¢ '

} } '

UV-VIs Speclrascapy n-A lsatherm IR, XPS et¢
Fluorescence Spectroscapy  Surface Spectrascopy
NMR, IR etc. etc.

Surface Mamphalogy
STM, AFM alc.

flgure 5.1 Methods of evaluating supramolecular state
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1§ 3 unique way (o evaluate the scate of 3 molecular assembly. Layered LB struc-
cures or flms 2nd layered flms on solid supporis are rypically investigated via
X-ray dillraction (XRD). £Elemental analyses on ultrathin Alms are carried oot
using X-c3y phatocleciron spectroscopy (XPS). This method s 8 powerful way
aof quantifying guests binding 10 (he ultrathin film, as described in Chap. 2.

Mecthods for directly observing supermolecules have recenuy been devel-
opzd. Scanmng probe microscopy (SPM) has become 2 particdlarly usefu
method in (he field of nanotechinalogy. The general concept of SPM is summa-
tized in Fig. 5.3. A very fine Lip is 0sed ia this meihod. As the tip approaches
the sample surface, various interactions occur between the tip and the surface
which resaltin various kinds of focces (such as atomic forces). These forees are
felt by the Gp and converted into electrical signals.

Tbere are various forms of scanning probe microscopy. Amang the most
popular are atomic lorce microscopy (APM) and scanning tonneling mi-
carascopy (STM). In AFM, the tip is scanned acrass the surface in soch s way
that the atomic force et by the tip is kept constant (which is equivalent 1o say-
16g that the tig ig always the samne distance from the surlace). During the scan,
any change in the surflace lopagraphy (surface (¢atuce) praduces z chaage in
the atomnic force. Therefore, to keep ihe alomic farce canstant, the lip is moved
closer to or further from he surface. Therelore, the movement of the tip di-
tecily reflects the tapography of dre surface in AFM. STM works on a similar
principle but monitors the electron tunneling current instead of the atomic
{orce. These methods supply the surface topology ta stomic-leve) precision
Images of supermolecules can be obwined direcly. Other (orces, such as those
related (o friction, mugnetism and eleciroststics, can also be monitored in
other vaniaats of SPM. High spatial resolution speciral imaging can also be
performed based on near-ficld oplical effects.

In practical molecwlar devices, the sopramolecular system is somelivnes
unmabilized on an external devices which reads the autput from the system
An elecuade is a typical example of this kind of external device. Various
electcades wvith ultrasmall dimensions are avadable, and are therefore well-
soited 10 molecular device preparation. Elecirades can also be used as 2 solid
support for [ B 8lms and self-assembled monalayers. In the example shown

Tunnel Cuyrrent
Matecular Forca
elc

Flgure 5J. Scanning prabe microscopy
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in Fig. 5.4, a supramoleculasr componénl immobilized an aa ¢lecitode and
based on a cyclodexirin denvalive ss used as a sensing site (ar 2 specific gues!
molecule, Cyclodextrin derivatives with long alkyl chains are immabdized aa
the surface of 2o elecirode using a LB or SAM method (see Fig. 4.40 (o7 8 similar
exammple). The SAM methoad provides patticularly stable immobilization of the
monolayer componenl. The modified elecirade was immersed in an aqueous
solution of maykerions such as ferrocysnateion. The markar ions can reach the
surface olthe elecirode and praduoce redox signals when Lhe solution does nol
contain tbe guest molecules. However, the presence of guest molecules in the
solution suppresses the redox signals from the marker ion because the guest
molecules bind 10 the cyclodextria and block cthe path to the surface of the
clecrrade. Recogaition of the guest molecules by ¢yclodextria was converted
10 2 quaatitative eleciric signal.
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Electrode
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| é !
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® ® e
® @ T
Guest Moleculs
a Probe lon b

Pgures 4. Elecrrical dewciion of gueal recognition
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Flgure 3.5, Scnsitive mass detcclion uling o quartz crysial microddance
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Other external devices are used if different output signals are required. For
example, immabilizing ultrathin fums of functional molecules an optical fibers
allows us to detect photonic respanses of functional supramolecular systems.
Adsorption of specific molecules on supramolecular assemblies can be sensi-
tively detected by surface plasmaon resonance (SPR). Coupling supramolecular
systems to semiconductor devices is advantageous way to prepare vltrasmall
devices. Use of a field-effect transistor (FET) as an external device is a powerful
method of fabricating small sensing devices. The current between the source
and the draip is regulated by the gate potential. Functional supermolecules
were immobilized on the gate electrode, and the surface potential changes
resulting from specific guest binding to the supermolecules induced 2 change
in the source-drain current. These sensing systems can be integrated via mi-
crofabrication techniques.

STM Tip

Gold Electrode

Figure 5,6. Measuring the conductivity of a single molecule
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Pigure 5.5 shows a unique external device, a quartz crystal microbalance
(QCM). A thin plate of quartz crystal with a specific face generates piezoelec-
teicity and exhibits a very stable resonance frequency upon the application
of a voltage (this phenomenon means that quartz is widely used in timing
mechanisms - in clocks for example). Metal electrodes were deposited onboth
sides of the quartz plate in the QCM. When some material was adsorbed onto
the electrode, the resonant frequency decreased in proportion to the change
in mass. In the case of a 9MHz AT-cut QCM, a frequency change of 1 Hz was
observed for a mass change of ~1ng. Measuring frequencies to a precision of
1Hz is not too difficult, while measuring masses to a precision of 1ng using
other methods is usually very difficult. Therefore, the QCM js very useful device
for detecting tiny changes in mass. Figure 4.5 shows an example whete host
supermolecules were immobilized on the surface of QCM electrode. Inclusion
of the guest by the host induces a decrease in frequency, and the adsorption
behavior can be monitared in real time. The frequency reaches a constant value
when the adsorption equilibrates.

Note that the QCM detects a very general parameter, the change in mass.
Therefore, QCM sensing systems can be applied to & wide range of sub-
stances independent the properties of the guest. With appropriate immobalized
supramole cular system design, QCM systems can be used to check for various
guest molecules, such as nucleic acid, rectin and viruses.

Reeding signals from individual molecules or supermolecules requires the
use of ultrasmall external devices. Figure 5.6 shows one example of an ultra-
small external device, an STM tip. The conductive molecule is coimmobilized
as a self-assembled monolayer along with an insulating thiol compound on the
surface of conductive material. Scanning the surface of the SAM uasing the STM
tip enables us to detect the current that passes through the molecule of interest.
Recent progress in measuring techniques means Lhat we can ajso detect signals
from a single molecule using other methods.

53
Molecular Electronic Devices ~ Controlling Electricity Using Supermolecules

In the following sections, we will dis cuss various examples of molecular devices
that have been actually developed. Most modern machines contain electrical
circuits, In order to mimic but highly miniaturize such machines, it is very
important 1o first develop molecular sized electronic parts and then find a way
to combine them into rmolecular electronic devices.

Electron-conducting wire is the first requirement for molecular electronics.
Molecules with conjugated linkages, such as conductive polymers, ate strang
candidates for this “molecular wire”. Especially when used in supramolecu-
lar systems, A regulated conjugation length is sometimes advantageous. Pig-
ure 5.7 shows an example of a molecular wire where two pyridinium moieties
are connected by a conjugated chain. The length of this molecular wire fits
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o,

Fiqura §.7. Molecular wire in 3 lipid bilayer

the width of 3 phaspholipid bilayer, and the wire (s accammaodated elfectively
into the bilayer skin of a liposome. Becsuse the surrounding dilayer was dast-
cally inswlaang, the molecular wire 3¢S 3s an isoloted conductive wire. Whea
reduction and oxidation reactions are performed sepacately in the innee (ipo-
somal phase and the outer bulk phase, clecirons are transmitied theough this
molecular wire. This system can thereloce be regurded as a form of molecular
winng.

The abuity 10 connect glecironic parts is crucial to the construclion of
aircnit:lke molecular devices. However, it is quite difhcull Lo connect compo-
nents solely through covalent linkage. Thereface, it would be better to connect
the electroruc paces throvgh supramolecu)ar interactions. In (act, biological
systems vse a similar coneept. Information is transmitted as efectrical signals
through nerve systems, bul nerve cells are not connecied to each other cova-
lendy. There 3s 2 syngpse junction berween he nerve cells where signals are
transmitted via a chemical mediator

Electron (ransler via 3 noncovalent junction was achieved artificially using
the example shown in Pig. 5.8. In this system, the electron donor zinc porphyrtin
was covalenlly cannecled 1o guanosine, and an electron-aceepling quinone was
linked ta the cytasine. These two paris associate through complementary hy-
dragen daading between (he guanosine and cytosine. When this pair were
irradiaced with light o( an appropriate wavelength, electron transfec occurred
(rom the 2inc¢ porphynn ca ¢the quinone. This example demonstrates that elec-
trical coanections can be achieved between molecular pacts vis noncovalent
supeamolecular interactions.
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Figure5.8. Blectron transfer between a pair of supermolecules

Non-Conjugated Conjugated

Figure 5.9. Molecular switch

An electrical switch is another important element for regulating electron
flow. Direct connection and disconnection between lead wires is usually used
to regulate electricity flow. The molecule shown in Fig. 5.9 mimics this kind of
switch. When the center of the molecule is uncyclized, a fully conjugated path
(a path of conduction) through the molecule is not available and so the molec-
uvlar switch is in the OFP state. [rradiating the molecule with light at 365nm
induces cyclization of the molecule. When it is cyclized, a fully conjugated path
through the molecule becomes available, and so the molecular switch is turned
ON. The molecule can reverted its OFF state by irradiating it with light of >
600 nm. If this kind of molecular switch was introduced into a supramolecu-
lar system, molecular electric circuits switched by photoirradiation could be
constructed.

Various molecular conductive wires and molecular switches should be-
come available in the near future. Connecting them in a logical way would
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resuft (n 1the construction of molecular eleclrical circunts. Bowever, corrent
(echnologies mnake the constraction of such circuits very difficult, and se
connecling malecular devices (o ariificial Bbricated sieuciures coald provide
3 more realisiic approach. Such objecis could be fabricaied by enginecriag
toals 204 connecied o ariificial stroctures such as Wirasmall elecicodes. Su.
permolecules wilh sizes comparable ca thase of microfabricaied stevcrures
would be especially use{ul whep creating these objects. Carbon nanotubes
satisfy this requivement. For exarople, single-walled carbon oanotubes have
diameters messured in the nanomeiers (1 -2am), bul they ace microns in
Jeagth. In addirion, the elecironic state of a carbon nanotube can be estimaled
theorelically. These advantages mean that carbos nanotubes currently play
a centra) role in molecular device preparation. When the nanorube structure is
completely symmetnie, it can be esed as 2 one-dimensional qoanrum wue. ln
the following, a few examples of moalecolar electranic devices based on carbon
nanorubes arc introduced

Anulicasmall transistor can be prepared {rom a carboo nanorube and some
microelectrodes, Figure 5.10 shows thesiructwre of the transister, where a cac-
bon nanolube bridges two platiaum elecirodes that were deposited on ¢ plate
0f §i/Si0;. The current induced upon the application of a voliage becween the
two elecirodes was measyred at very lgw temperatuces. Maintzining the bias
voliage between the two measuring electrodes, the gate volage applied to the
third elearode was ahered, resulting in 3 current pulse. A plausidle mecha-
nism for th)s phenomenan is shown in Fig. 5.)). Eleciron transfer between
dilferent energy levels by hermal excitation was suppressed by the very low
temperalures. Current flow (s possidle oaly when the Fermi potemtial of the
electrode roatches the energy level of the carbon nanotube. Wheo the elec-
1rostatic polentiaf of the carbon nanorube was graduelly changed by scanning
thie gate voliage, at some point the electrode Fermi level and the nanowube
energy level maiched, resuliing W a cusrent pulse. Here, the quaniizion of the
energy levels of the carbon nanolude al low emperalures is reflecied in the
discantiovous current response. At elevaied lemperatures, this quantwm eflect
is (ar less noticeable, but even at roam temperature (he state of the nanotube
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Fgure .11, Clectron cunduction by m.-i:h.mlen.ﬂrr Lairlln

EBlecrode
Figere 5. LL Mechanmad reiteh based on altering the cundsclivily ol 2 arbon nanotuele

can styl be swiched (between conductive snd inpulating) by aliening the gaie
vltage, This spsiem can be reparded as a Bels effect transetor {FET ). ana the
resulting molecular device (s called 8 TUBEFET device

Mechanically deforming the carbon nanotube aiters its electnic properiies
In the example shown in Fyg. 5.17, s carbon nanot ube was bridged between two
clecrrodes separsted by o gap When the middle of the carbon nanoiube was
pushed by an AFM i, the nanotube was bent and is conductraty dropped
The electron condunctrviry was correlated with the degree of bending, which
wild meaiured from the pasitien of the AFM. This process was repeatsble. The
bending of the carbon nangtube induced Lhe formation of some nonconduc tive
§P grhitals within its structare, althenng i3 conduciivity This benhavor is
gortiewhal reminiscent of o pwitch,

One senvous issue with the consoruchon molecular dences is how diufflcult o
s to precsely place cach supramesciiar ehement mto the correct posuion. It
would be much easier 1o draw nanoarouits | we could creute supermolec ules
#l desired positiond [n the éxample shown in Fig 5.1 molecular wires of
eouductive polyldiacetylene) are drawn by an S5TM tip i a highly controlied
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Poly{diacetylene

\ Conductive . J

Oiacetylene Monolayer

Fiqure 5.13, Drawing a conductive line using an STM tip

mannez. The tip is used to apply an appropriate voltage to a monolayer of
diacetylene derivative, forming the conductive poly(diacetylene) at the point
of coatact. This method would be very useful for preparing miniaturized
electric circuits at desired positions on a solid support.

54
Molecular Photonic Devices - Controlling Light with Supermolecules

Itis expected that the number of devices utilizing photonics (the optical equiva-
leat of electronics) will increase dramatically in the near future. Light is usually
a mixture of visible wavelengths that all travel at the same incredibly fast speed.
Therefore, photonic systems allow us to transmit huge amounts of informa-
tion within an incredibly short period of time. Photonic technology has been
recently applied to various devices, such as compact discs (CDs), photocopiers
and barcode readers. Rapid communication of large amounts of data between
different parts of the world has been made possible through fiber optic ca-
bles, and fiber optic communication Jook sets to become more important than
commuaication via electric cables in the near future. As explained in previous
chapters, molecular recognition or supramolecular interactions sometimes re-
sultin spectral changes, which suggests that supermolecules would make good
materials for use in photonics. Supramolecular chemistry is therefore expected
to play an importaat role in the development of photonic devices with huge
information densities.

Pigure 5.14 shows an example of a molecular photonic switch in which
a Ru complex and an Os complex are bridged by an azobipyridine ligand.
The emission of this complex changes depending on the redox state of the
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flgura5.14. Controlling emission via cedox reaciions

bridging ligand. The a20bipyridine is an electron acceptor in its neuteal state.
In this case, exciting the Ru complex with light causes the complex to pass an
electron to the azobipyridine, which then reaxes thermally. In contrast, if the
azobipyridine ligand is reduced, the ¢lecuzan-sccepting natute of the ligand is
suppressed. Excitation of the Ru coroplex then results in energy trans(er ¢o the
Os complex, resulting in the emission of light ln other words, the emission
behaviar of the Os complex is controlled via azobipyridine redox reactions.
This systern can be regarded as a molecular photanic switch.

A molecular switch that responds to several kinds of stimuli has also been
proposed. The molecule shown in Fig. 5.15 coatains both 2 photoresponsive
anthracene moiety and a crown ether connecred via a tertiary amino geovp.
This molecule shows switching properties based on a phototaduced electron
transfec (PET) mechamsm, An electron donor will quench excited anthracene,
and both the tertiary amino group and the crgwn ether have this abiity,
The anthracene will therefore only emit when eleccron iransler is prohibited
from both the amino group and the crown ethee, and this can be actueved by
protonating the amine and inuoducing sodium ions (accommodated by the
crown ether). This molecular switch is therefore controlled by two inputs, and
output (light emission) only occurs if both of these inputs are ON; in othec
words, this is sa AND-type moleculsr logic gate.

5.5
Malecular Computers - Supermolecules That can think and Caleulate

The exarnple described at the end of the previous seclion is the simplest madel
of an jnformation converter, becsuse jts output (s controlled by the states olits
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multiple inputs. Combining such malecular systerns leads to the preparation
of more sophisticated molecu]ar devices.

Figure 5.16 shows twa rypes of molecular logic devices that can be used for
simple matheraatics. Molecule A in Fig. 5.16 has bonding sites tor a proton
and a calciwum ion. Light (with a wavelength of 4{19am) is only emitted from
this molecule when both stimuli (protons and calcium ions) are introduced
ino the system. Addition of either protons or calcium ions does noc induce
significant emission. Therefare, agam, this can be regarded as an AND-type
logic gate. [n contrast, the absarption behavior of molecule B shows a different
dependence gn these stimull This molecule normally absorbs at 390nm. This
behavior is also abserved when both protons and calcium ions are present
However, adding either protons ar calaum ions significantly suppresses the
absorption (increasing transmuttance). Therefore, if the ransmintaace at 390
nm was measured as the output signal, this system can be regarded as a XOR-
type logic gate.

Cambdining these two logic gates yields a binary molecular calculator. Let
us now denote an positive (ON) input by “01”, and a oegstive (OFF) input by
“00”. We shal] also use 0 and | o denote negative and positive gate outputs,
respecnively. In this case, when both inputs are OFF (00 + 00), the AND gate
outputis negative (0) and the XOR gate autput is negative (0), giving a combined
output of 00. Whea anly one of the inputs is ON (01 + 00 or 00 +01), the AND
gate outpulis negative while the XOR gate output is pasifive, so the combined
outpul here is 01. On the other band, when both inputs are ON (01 + 1), the
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Figure $.15. Addstion of doth H" and Na™ induces optical ¢mission



152 5 Applications of Suparmolecules - Molecular Devices and Nanatechnaology

Malecula A

~

Emission

Ca
OQ(O;L i'OTO/ at 419 nm
o0
(7Y 77
—
7\

SRS

—N

Excitation _\
at 369 nm
Additive
Ca* He Emisslon
a0 00 0
01 co 0
00 01 0
01 01 1

Molecule B

(\Cﬂ‘
Q- 'Q Transmiftance

at 330 nm
Addfive  Trans-
Ca2+ H* mittance
00 00 0
01 00 1
00 01 1
01 01 a

Input (Ca?* and K*): 00 negative Input; 01 positve inpul
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Figure 5.16. Molecular logic gates

AND gate gives a positive output and the XOR gate a negative output, which is
a combined output of 10. This binary logic is summarized below:

00 +00=100 (Noinput)

01 00 =01 (Proton input ON only)
00 - 01 = 01  (Ca** input ON only)

01 +01 =)0 (Bothinputs ON and negative XOR output)

This can be translated tato the degmal systermof0+0=0,1+0=1,0+1 =1,
and | + 1 = 2, respectively. A supramolecular system containing molecules

A and B therefore performs mathematics.
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In our body, huge amounts of information are accumulated in deoxyzibonu-
cleic acid (DNA) with incredibly high density. The blueprints of the structures
of biologically important molecules - proteins - are written in DNA sequences.
Itis often said that the elegant and sophisticated functions seen in living crea-
tures are programmed into the DNA strands. There have therefore been pro-
posals to utilize the DNA molecules as a molecular computer. One example is
shown in Fig. 5.17. The target of this example is to specify the correct flight
route via DNA selection processes. DNA has a backbone composed of sugars,
and phosphates and nucleobases are attached to every sugar unit. Adenine (A)
selectively binds to thymine (T) and guanine (G) forms a specific pair with cy-
tosine (C) between nucleobases. Two DNA strands form a complex thal adopts
the shape of a double helix due to these base pairings, with high precision.

DNA codes were first assigned for points. City A has a DNA city code of
ACTT-GCAG. ADNA sequerce of TGAA-CGTC can forma complementary pair
with this code and so it is defined as a complementary code of City A. City B
hasadifferent DNA city code (TCGG-ACTG). The flight number from City A to
City B is defined as GCAG-TCGG, which is derived by connecting the second
part of the sequence for City A (GCAG) with the first part of the sequence of
Gity B (TCGG). The city codes for other cities were similarly defined as GGCT-
ATGT {City C) and CCGA-GCAA (City D). The corresponding complementary
codes and several flight nomber codes are summarized in Fig. 5.17.

As an example, the selection of a flight route from City A to City Cis demon-
strated below. By mixing together all of the complementary codes and flight
number codes, various DNA pairs were formed. The number of particolar DNA
pairs can be selectively amplified using the polymerase chain reaction (PCR)
method. In the PCR method, short DNA segments known as primers are added
and the DNA sequence between the primer sequences is selectively duplicated
by the DNA polymerase. Repeating the PCR cycdle allows us to selectively in-
crease the number of desired DNA sequences. In this example, the second part
of the complementary code of City A (CGTC) and the first part of the city
cade of City C (GGCT) were used as primers. As shown in Fig. 5.17, the PCR
treatment resulted in an increase in the sequence GCAGTCGG-ACTGGGCT,
which corresponds to a sequential Hight from A to B and then from B to C.
When we go to City C from City A, we must go via City B.

Upon describing the simplified example above, the advantages of using such
a DNA system are not immediately clear. However, increasing the complexity of
the problem would reveal the advantages of the DNA system. The DNA pairing
accurs at once, even if the length of the DNA is increased. This is equivalent
to saying that the processing time of this DNA computer does not increase
as the calculations become more complicated, whereas the computers that we
are used to require more processing time for more complicated calculations.
This DNA computer is based on paralle| processing, becanse the DNA paicing
occurs simultaneously.
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56
Molecular Machines - Supermolecules that can Cateh Dbjects,
Move and Rotate

Tweeiers, scissors and screwdrivers are priminve wools compared 1o comput-
ers, but thair importance and wide applicability 1o dady life cannot be ignored.
Sumilarly, molecular scale mechanical devices would be very useful in nan-
miechnology. For example, 2 molecokar robot thal fabiricates molecular wires
and molecular machines that could penetrate deep made the body would pro-
wide huge contribwiion mn the Aelds of molecalar electronics and medicine,
respectively

In owr furst example of 8 molecolar machine, we consider a rotating molecule
|2 molecular bearing) The molecule shown in Fig. 5.18 has three naphthalene
rings connecung o & central benzene ring, this molecule has a diameter of
= 1.5 nm including the rert-butyl groups at the outside, and a twisied propeller-
like shape becnuse of weric hindrance. It was adsorbed onco the face of Caf 100}
and it formed 4 monolayer structuce, as obderved by STM, Well -pacied mono-
layers provided stavic images with clear molecular shapes. On the ather hand,
lovw coverage resulted in n ambiguous image: th motions of the molecules
were oo (ad, resulling in unclear molecular images. Random nanometer de
fects were observed in the monolayer sl & coverage of a litthe lesy than | 0%
Interestingly. 8 malecule rrapped in one of these asymmetric defects gave an
unclear molecular image, even when the surrounding well-packed molecules
were clearly observed This suggests that the mobecules in the defect were rota-
ing due 1o weak imeractions with the sorrouading molecules. This molecalar
propeller has a thay weight 11 33 = 10 " kgl and oaly verp small ieruia s
malecular motion can be canly controlled using an external energy supply
(heat). This motionsl mechanism s obvicusly quate differen 1o that usually
wsed in mecroscopic whieeli.

A muolecule that can be rotated to & particalar direction by external stimuli
is shown o Fig. 519 In this molecule, fwo aof the same srroctures are con
nected through a double bond and the molecule has 2 fwgted struchure due 1o
steric hindrance. Four stepi involving light wradiation and thermal 1 reatment

tHaClaC
Figere 510, 4 mobeoule rotales within o« delec
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Flgure 5.19. Unidirectional rotation of molecule upon ircadiation with light irradiation

cauged this molecule to rotate in 2 particular direction (counter-clockwise
when viewing from the top).

The molecule in Fig. 5.20 undergoes unidirectional rotation upon certain
chemical reactions. This molecule also has a twisted structure due to steric
hindrance. The addition of phosgene to a system containing this molecule
induced the conversion of the amino group to isocyanate. The upper half of
the molecule rotated and reacted with the hydroxyl group of the lower part
to form a urethane linkage. The formation of the covalent urethane linkage
prohibits rotation in the reverse direction. With maimaining the urethane
linkage, the upper part rotated further to achieve a more stable conforma-
tion. Pinally, breaking the urethane linkage via NaBH{OC,Hs)s caused the
upper pact of the molecule to undergo a half-rotation. In this example, the
use of irreversible chemical reactions induces unidirectional rotation of the
molecule.

Rotaxanes are unique snpermolecules where cyclic molecules are threaded
by linear molecules. They are powerful candidates for molecular machines,
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Flgure 5.20. Unidireclional rotation of @ molecule due lo chemijcal reactions
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Flgure 521. Molecular abacus based on rotaxane

and molecular shuttes based on rotaxanes have been proposed. The exam-
ple described in Chap. 3 (see Fig. 3.21) shows the movement of a cyclophane
along its axis molecule upon redox reaction. However, the ability lo control
the motions of particular cyclic molecules in a rotaxane conlaining many
of them would be more useful in nanotechnology. Dicect contact with the
molecule is required for this useful task. Mechanical control of a single co-
taxane molecule is shown in Fig. 5.21. A rotaxane composed of cyclodex-
trin rings and a polyethyleneglycol chain was nudged by an STM tip. Sirn-
ple shuttling of one cyclodextrin, pair shutiling of two cyclodextrins and
bending of the rotaxane molecule were all reported. This molecular shut-
tling is rerniniscent of a Japanese abacus, so it could be called 3 molecular
abacus.
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Actuators based op the swelling 3aad shanking o gels are the subject of
much research. They can be regarded as modeling muascle systeens. However,
the response times of such sysiems are (imiled, because actuatac molion oc¢-
curs with molecular diffusion n the gel. Ul each malecule could expand and
dhrink instead, mouoanal respanse times would significandy tmprove. Carbon
nanolubes are known ta expand ar shriok upon injectians of electrans ov

Poly(Vinyf Chlaride)
Carbon Nanaotube Sheetl
+ f o — / \\
‘ | |
+ —
+ -
@
<+
®
.
|/
Flgure 3.22. Cazbon nanolube a¢rustor
Gold Electrode Carbon Nanotube

flqure 5.23. Molccules (weezers
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holes. This behavior is explained by quantum effects due to changes in orbitals
and band structures. This mechanical property of carbon nanotubes was uti-
lized in the preparation of 2 molecular actuator (Fig. 5.22). A sheet of carbon
nanotubes was first prepared by filtration, and these nanotube sheets were
then attached to both sides of an insulating polymer sheet. Applying a voltage
across both of the carbon nanotube sheets causes one sheet to expand and
the other to shrink, which means that the total three-sheet systern bends. This
happens because applying a voltage across them causes a charge imbalance
in the sheets, which is compeasated for by the movement of counterions to-
wards the charge. This charge compensation accurs mainly at the surfaces
of the sheets, and so the counterions do nol tend to diffuse deeper into the
sheet. These characteristics result in a very quick mechanical response for this
actuator.

Oligonucleotide with Ditterent Sequences

I Complimentary 10 A
A \ 3 EI 3

»LPairing

N

% Complimentary lo B
AN

l, Pairing

Flqure §24. Mechanical motion upon DNA hybridization
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Tools for micrafabrication have also been prepared based on the unjque
characteristics of carbon nanowbes. In <he miceotool shown in Fig. 5.23, two
carban aanalubes ace Gxed an gold electrodes that are deposited either side

I NN N
Steroid Cyclophane H !
A= =
o ’.
n KN R
Steroidal
R Part
Cyclophane
ng
/

Fluorescence Emisaion
Comprassio \ Xy 7
E xpansion

Naegel

Gues! (TNS)

Figure 5.25. Preqsurc-induced emission upon moleewar recognilion
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of a glass micropipette. Applying a voltage between these two electrodes in-
duces opposite charges in the nanotubes (as with the sheets in the actuator
described above). The oppositely charged nanotubes are attracted to each
other, causing themn to move towards each other and finally contact. Ground-
ing the electrodes (and therefore the nanotubes) removes the charge and
therefore causes the tweezers to move apart again. This microtool can there-
fore be regarded as a pair of molecular tweezers. Molecular tweezers like this
have been used to catch and move clusters of tiny polystyrene spheres. This
microtool has also been used as a nano-sized tester electrode; the conductiv-
ities of SiC clusters and GaAs nanowires have been ditectly measared i this
way.

Molecular recognition is an event that occurs at the molecular level, but
a large number of such recognitions can lead to macroscopic changes in sub-
stances. In the system shown in Fig. 5.24, the surface of silicon board (width
100wm; leagth 500m; thickness 1pm) was coated with gold, and oligonu-
cleotides with thiol terminals were immobilized on the gold surface. If a guest
oligonucleotide with a complementacy sequence is introduced, it binds 1o the
immobilized oligonucleotide to form a double helix structure, The cumulative
strain induced by all of these hybridizations caused the support board to bend.
Ina similar way, 2 mechanical change was triggered in a macroscopic substance
by molecular recognition between proteins.

Figure 5.25 shows the reverse of the type of conversion system described
above. In this case, molecular recognition is controlled by visible mechanical
changes. A host molecule with four cholic acid planes and a cyclophane ring
was spread as a monolayer on the surface of water. Because the cholic moiety
has a hydrophilic face and a hydrophobic face, the host molecule adopted an
open conformation, contacting the hydrophilic faces to the surface of the water,
at Jow pressure. However, compression of the host monolayer induced a change
to a closed host conformation where the four cholic planes Rip up from the
sueface of the water. The latter host conformation provides a binding medium
with a high affinity to a naphthalene guest. Therefore, molecular recognition
of a guest in the water phase was induced by monolayer compression. Guest
binding was monitored using the associated change in surface tuorescence.
In this system, the visible mecharnical change (made at the 107 m level) was
converted to a molecular event (at the 107° m level) - this concept bridges
a huge difference in scale.

5.7
Molecular Devices with Directional Functionality -
Supermolecules that Transmit Signals In a Desired Direction

An advanced molecular device would require 2 separate signal isput and signal
output. To achieve this, it is necessary to organize the functional molecules in
a particular way that will lead to duxectional information transfer through the
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supramaleculsr system. Techniques that can provide lgyered siructures, sach
38 the LB method 3nd the alternade layer-by-layer technique, ate useful for
preparing molecular devices that can perform direcGan-specific informadon
CONVErson,

Figure 5.26 shows an LB Alm thal regulates electron transler. Monolay-
ers of an eleciron donor layer, an insa)ating fatty aad layer end an elec-
(tor acceplor layer were translerred wn a defined sequence. [n this hetero-
layered LB film, electron transfer anly ocurs rom the inside to the outside,
and Whe structure of the insdlator (ayer determines the efficiency of electran
transfes. Swapping arouad the donor layer and the acceptor layer reverses
the direction of electron transfer. Simply contcolling the Jayering structure
thecefore coables us (o modufate the duection and elficiency of eleciran
fow.

Photoinduced clectron transfer devices have also beea consirucied vsing
the LB method (see Fig. 5.27). Bxciwtion of the pholosensilizer pyrene induces
che tzansfer of an cxcited edectron 10 viologen (an clectron acceplor) and
the wransfer of an eleciron fram [errocene (an eleciron donaor) w the ground
state of the pyrene. These processes result o charge separalion, a process
that occurs during photosynthesis. Reversing the Jayecing sequence cavdcs
charge separation 10 accur n Lbe opposile direction E(ficient photginduced
dcclron transler therclore cequires the creztion of organized sequences of
donor, sensitizer and acceptor in order to supprass eleciron back-iransfer, 2nd
this is easily realized using the LB technique.

A sunizr functionsl device can be constructed through ihe orientstion-
conteolled assembly of molecules with donor, acceptor and sensitizer parts.
Three kinds of dye - (ecrocene, viologen and pyrene - were covalendy can-
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Figare 5.27. Design of LB filme that exhibit pholoinduced charge separalion

necled in one amphiphile molecule, and a monolyer of Lvis molecule was
wransferred onto an elecirode. This sysiem also shows direciional pholoin-
duced electron uansier.

Figure 5.28 chows a sys(em used {ot the phataconuiol of eleciton conductiv-
ity within a monolayer. A monolayer ol an emphiphile containing azobenzene
(the photocontrolled part) and letracyanoquinoned (TCNQ, which conducis
elecrons) was spread on walet, resulling in two-dimenisional pholocontrolled
and elecirically conduciive layers. Isomerizing the azobenzene partberweenits
trons and cis isomer by allernate photoirradistion induced periodic changes
in (he electrical wonduclivity of the TCNQ parl The elecurical conduciiv-
ity is limited 10 a owa-dimensional plane here, which embucs 3 diflecent
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direction-specificily (o the elecron flow Lo thase described for the previous
systems.

The 1B 6lm shown in Fig. 5.29 is an energy transfer device with a photo-
switching layer. The awitching layer is in ilg merocyanine form when the syslem
is irradiated with UV light. In this case, exated thiacyanine malecales in the
danor (ayer can transfer enesgy via the merocyanine to the indacarbacyanine
in the acceptor layer. This results 1n Rrang \adocarbocydnine fluarescence
at 725nm (13). On (he ather hand, readiating Whe system with visidle light
changes the switching layer into its spiropyran form, which cannol sccept
energy {rom thiocyanine Since this cuts aff the flow of energy lo indacarbo-
cyanine, it stops Buorescing and Auorescence from the thiacyznine is mainly
abserved at 480nm (1) instead. The energy flow from the donar layer to
the acceplor layer was regulaled by the pholojsomerization of the switching
layer. The wavelength of the input light conirols the weveleagih of the output
signal.

In Fig. 5.30, 2 muldlapered self-asgembled ilm of an aminostlbazanum
derivative is depicied, where the mulidayer docs nat have & symmelric siruc-
ture (the aminostilbazorium units 2dopl a specific orienlation against the solid
surface). In this aminostUbazorivm derivative, 1he cleciron-donating part and
the electron-accepling part are connected through conjugated Jinkages. Align-
ing (bis kind of oolecuJe in & parlicular direclion results in nonlinear optical
effects. (eradiating v with Ught with an elecicic 6eld of P and 2 (requency
of wnduces palarization, which is expressed by polypominal equation in E.
Terms greater than second-ordec can usually be ignored, angd the main com-
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ponent of the emitted light has 3 frequency of @ AL tugh hight 1miensity, the
contributions of higher order components with frequencier 2e, 3w and so
on (barmaomic waves) cannot be aeglected There is & significant contribution
{rarm the sccond-order componen: 1o the emission from the asymemewric struc-
ture. When light of frequency w was directed onta the film shown in Fig. 5.0,
the emutted Light contained components af eqoency 2w This phenamenon
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is called second harmonic generation (SHG). This fUm cap be regarded as
molecular device that can alter the wavelength ol light shone upon it.

58
Supramolecular Chemistry & Nanotechnology toward Future

We have discussed various molecular devices created from supermolecules in
this chapter. Molecular level techniques and science will play an important
roles in the development of nanotechnology in the twenty-first century. Ul-
trasmall devices with huge information densities will minimize pollution and
energy waste, and improve our lifestyles. Tiny robots will be used in medical
applications. Excursions into space - manned and unmanned — will benefit
enormously from the use of nanormachines and the products of nanotechnol-
ogy, which should lead to much cheaper and safer space missions.

In the issue of the regular magazine of the American Chemical Sodety,
Chemistry & Engineering News, {rorm February 28th, 2000, there was a spe-
cial article entitled “NASA goes NANO”, which described the importance of
nanotechnology to space programs. For example, Mars Pathfinder, which ex-
plored Mars in 1997, was several hundreds of kdoegrams in weight, and the
rovers Spirit and Opportunity, which were launched rowards Mars in 2003,
each weighed around 180 kilograms. Huge amounts of energy and money are
used in Mars missions. Therefore, reducing the size and weight of the space-
craft is highly desirable from & financial point of view. For example, reducing
the size of a spacecralt to that of a can of soft drink would result in massive
savings. NASA has stated a goal to reduce the size of a typical space probe by
1/100, and to increase reliability by a (actor of 1000 by 2020. As space probes
venture further and further from Earth to perform ever more complex tasks,
it becomes increasingly difficult to guide the actions of the probe by remote
control, given the increasing time delay taken for signals to reach (and return
from) the probe. What is needed is a “thinJing spacecraft” thal can fy, walk
and escape based on its own judgment and that can adapt to its environment
(it can “learn”). This would require onboard systems with superhigh informa-
tion densities. NASA is therefore interested in the following technologies that
could permit this approach: (1) nanocomputers based on organic materials
and carbon nanotubes; {2) quantum computers with atornic or quark-level
precision; (3) biocomputers with DNA and artificial nerves; (4) photonic com-
puters (computers driven by photons). Some of the examples described in this
chapter already provide the first steps toward some of these targets.

Howevey, in “Nanotechnology Research Directions” (a report published by
the US government in 1999), it was pointed out that current nanoscale tech-
nologies are still kighly inferior to those seen tn natural systems. The efficiency
of the energy conversion that occurs in mitochondrial and photosynthetic sys-
tems far exceeds those obtained in artificial systems. A dog can smell and a bat
can hear fac more sensttively than maost artificial sensors, The information pro-
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cessing exhibited by brain and nerve systems is far more sophisticated than that
exnibited by current computers. Nature developed superior nanotechnolagies
to our own several bjllion years ago, and most of them are based on malecular
interacUons - supramolecular chemistry. There are huge numbers of natural
supermolecules all around us. We have a lot to learn from nature and biology.
[n the next chapter, somne natural supramolecular systems are reviewed as well
as ways to mimic them, and we suggest how biological materials may be used
in new technologiesin the future.
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It is a dream for chemists to synthesize malecular sysiems, which can tcansform changes of molecular shape in-
duced by cxicrnal stimuli, such as chemicals, phatons, and clectrang (or holes), to macro-scale motian of the matenals
and pec(orm mechanical wark. To realize this dream we ficst prepared photorcspongive polyamides having azobenzcne
chromaghores in the main chain. Although the polysmides changed conformation in solution upon phatainduced trans—
cis isomerization, we [ailed to link the con(ommationsl change to macro-scale motion of palymer films and gels. Duang
the course ol study on phatochromusm of diarylethene single crystals we found that the surface momphology as well ag
the bulk shape of the single crystals reversibly ehanges upon plioloisomerization of the eorponent diarytethene mole-
cules in the crystals. The pholoinduced shape chaages of the molccules in the densely packed crystals give nse to me-
chanical mation of the crystals and launch & Uay silica-particle. This is the ficst molecular sysiem, which directly trans-
forms changes of molecular shape 1o inacro-scale motion of the matecials and performs mcchanical work. This account

describes the progress of the rescarch.

1. Intraduction

It is of particular interest from both scientific as well as
technological points of view to have synthetic molecules make
mechanical motion by external stirnuli and link the mouon to
large macro-scale mechanical work of bulk materials. Mechun-
ical work mecans conurolled, large amplitude, or directional
motion of the materials, which results in a net task being per-
formed. Most chemical reactions induced by cxternal stimuli,
such as chemicals, photons, and electrons (or holes), are ac-
comganied by a change ol malecular shape. The shape change
results in machine-like motion at the maleculsr level. In bio-
logical systems, the bending motion of myosin upon release
of adenosinc diphosphate at the molecular level is used 1o
drive muscles and perform large macro-scale mechanical
wark.! On the other hand, there is no man-made rnolecular ma-
chine, which is based on the shape changes of molecules and
can perform macro-seale mechanieal work in the real world.?
The shape changes of synihetic malecules at die molecular lev-
el (ail to be linked to the large macro-scate mechanical motion
of materials So far there is no guiding princigle which leads o
man-made 1nolecular machines.

In this account, our effort to achicve macro-scale mechani-
cal work of molecular materials based on phototnduced molec-
ular shape changes will be described. We first tried Lo develop
phaotoresponsive golymewns having photochrommic malecules
and induce photomechanical wark of polymer films and gels.
Although we could connect the shape changes of the photo-
chromic molecules to conformational change of the palymer
chains in sotulion, we failed to link the changes to macro-scale

mechanical motion of the solid polymer films or gels. We fi-
nally succeeded to transform the shape changes of molecules
(o the macro-scale mechanical work using photochromic mo-
lecular crystals.

2. Photorcsponsive Polymers’

The first attempt to link photoinduced shape changes of
molecules to macro-scale mechanical work of polymer Bbers
was cacried out by Merian® in 1966. He assumed that the
rans—cis  photojsornerization of azobenzenc dyes causes
shrinkage of the fiber when the dyes are molecularly dispersed
in the fiber. because the azobenzene vait s known to change
geometrical structure. The length of the dye used changes from
2110 16.5 A upon photoisamerizauon from the trans to the cis
form, as shown in Pigure ). Upon photoirradiation the Rber
length was found to shrink as rouch as 0.1%. Although he
altnbuted the (iber shrinkage to the change of the molecular
shape, local phowo-heating due to non-radialtve transition of
the photo-excited azoberzene dycs should be Llaken into
account 3s the main ongin ol the pholoinduced shrinkage, os
cvidenced later by Matéjka et al?

Anothcr approach to use photoisomerization of azobenzene
dyes for mechanical work of polymer gels was casvied out by
Prins et al.'®!! They reexamined the experiment by Lavricn,'?
who demonstrated that the conformation ol poly(methacrylic
acid) chains changes upon photoirradiation in the presence
of the azabenzene dye chrysophenine G in watcer, and applied
the molecular-scale conformationst change to the shape
change of the polymer gel. The trans—cis photoisomenzation
of the azobenzene derivative changes its hydrophobic nature
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to hydraphdic and the smphiphjlic properry change affects the
binding of the 2zobenzenc dyes to the polytacr choin. The
binding force change aflects the conformalion of the palymer
chging as well ay the shape of polymer geds. This is the first
srcecssful exacaple of pholosiimaylaled macre-scale mechant-
cal work,

The surgetive repons by Prins el al. aclivaled research
on the photomechanical eflect of polymer Aims and gels, and
various polymers having pholochromic ¢hromophares, such
as awcbenicne os spiroberzopyrsn derivalives, wcre pres
pared.'>'® Alhough many polymer films sad gels were report-
ed 1o ¢xhibil macroscopic shupe changes upan photobradia-
on, Lthere remains the question as 1o the w¢lative contribulion
of the locsl pholo-heating and the resl pholochemiesl reaciian
o he observed ploloindaced shrinkage. Matéjka ¢ al*"
carefully examuiacd (he conuibuion of the local pholo-healing
effect (o the photoinduced sarinkage of o maleic anhydade~
styrene copolymere with covalendy bound pendant szobenzenc
groups swollea in diethyl phihalaie. They messured the lem-
ptrature increase of the polymer gel by inxeming a themocoy-
ple inta (he gel along with the phologenecated farce, (t was
fauad hat the farce chonge well corrclates wilth the change
in kmperre of the gel. Thue decisive rale played i the con-
vaclion of (he gel is lacal heating duc (o light sbsorption, nat
aseribed to molecntar shape chaages of the azabenzene ¢hro:
mophures. The large beat effect abserved ¢ven in the contrac-
tion of the sulveal-swyllen gel strongly indicates that maay
wotks should be carelully cexamined 16 check and evaluate
e real phalochemical efect.

Under these circumstances we decided W carry oudl 2 funda-
mental study on the conlormalianal changes of polymer chains
in solvlion upan phawimadiailon.’ Jf the conformational
changes of polymer chains arc reversibly indueed by photo-
chemical reactions, the changes will probably be linked o
macra-scale shape changes of polymes fiyms and gels.

Firsi. we preparcd polyamides having awobenzene choome-
phores in the main chain, as shown in Schcme 1.2 The most
convenient Way Lo know the conformational changes of paly-
mcr chains is 1o measuee the viscasity of the polymer solution.
The iarinsic viseosily (7] of polyamide 1 in polac N N-dimeth-
ylaceamide was found 1g decrease from 1.22 o 0.5dL g™’
upoa ultraviolet light (410nm > 4 > 350 am) irradiatiar and

1011

;l‘?: ;HCOR|
RCOONKH oA fa}]

(&

os

Pharainduced contraction of fadric dyed with lans~is phoioisonicn wahble dye, shown i he dght ude.
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Scheme . Photarespansive polyamides.,

Fipure . The geomelncal stucture chenge of un oroben-
2enc residuce along with frang~s pholoisomenalian.

W (elura to he saial vatue in 30h in e dark al 20°C. The
decrease is asenbed (v Ihe geomarnceal siructure change of
the s20benzenc unit, as shown in Rigure 2.

The decrease is not due 1o dic inwamolecular dipote—dipale
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Tahle 1. EBffecl of Backbonc Swudiure of the Polymers on
in¢ Phatedecreose of the Solution Viscosily

Polymer M (WYY @axy? (L - g 60y
Polyamide 1 0.3? 047
Polyamide 11t 0.59 0.79
Polyamide TV 0.80 Q.69
Polyamide V 0.56 0.52

2) n,, (UV) and p,, tdark) asc specific visconucs under ima.
disuon with yhravivlel Ught (410 > A > 380 nm) ond in dsrk
before imadiation in N-mcthyl-2-pymolideac in the grexence
of LiCI (1.3 M), cespecively. Concemrsiion of the palymer
wag 03gdL™". b) Retative cantent af (he ¢is farm of the n20-
denenc residues in the ghatasalienary sz ynder uitraviolet
irradiation (430> d > 3150nm). &, &, a0d y arc exiinclion
coeflicients of die ¢is and Usns (ocma ae 3190 am sad the can-
went of the ¢is (orm in (he photosiatignary susic.

.
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Flgure 3. Changes in (@) content of the Irans-azobenzene
cesiducs in polyamide | backbone and (O) viscosity of
the polysmids in N, N-dimethylacetamide on olicraie ims-
diation with ulraviolzt (410 > A > 350am) and visidle
{4 > 430 nm) light at 20°C. Polymer conconuralion was
09gdL".

intcractions, because the polority of the solvent vsed is high
engugh and the photo-effect was nol observed (or polymers
with ficxible methylenc chaing, as shown in Table 1. Althaugh
the specific viscosity of stiff palyamide U decreased as much
as 63% upoa ultraviolel ireadiation, the pholo<fiect decreascd
with increasing number of methylene units in the main chain,
The pholodesrease of the specific viscasity was scarcely ob-
served for polyamide V having 12 metiylene units. When al-
ternatively irradiated with ultraviolet (410am > A > 350nm)
and visible (A > 470nm) light the viscosily of N,N-dimethyl-
acelamide solution of polyamide I reversibly changed as much
86 60%, as shown in Figure 3,

JUis of panticular inicrest o know how fast long polymer
chatas change their conformation in rexponsc 1o o light pulse.
The photoisomeritation of azabenzene chromophores can 3¢
induced jn less than J0~%s with a shon 13scr pulse, The can-
formationy! ¢hange subsequent w the pholgisomerizalion con
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a Polyamide(1) L.S.
A
imy
\MT;“W
-, 500#5
-4 Ug: 60mV
b Polyamide(1) 0.4.
L
smV
T
500us
q4 = Ug: 42 mV

Figure 4. Chain va(alding $nd cis ta wans pholeisomenza-
lion of polyamide 1 in MM-ditncthylacciamude solutian
(0.31gdL""Y). The osuilograms illusicate changes of
Ughtsscattening intcagity at 31d nm (o) 4ad opticsl sbsom-
Hoh 8l S(dnm (b) during and aftee 20us fagh af $30nm
light,

he (ollowed with 2 time-resolved lighl-scartecing sysiem com-
bined with the lascr pulsc source,? The Debye eq ) relaes
light-scaqening intensity Ry 10 the mean square redius of gyra:
tion {s1).
Ke _ l+1wwﬂ
Ro M. ' 3A2M,

Polysmide | was imadialed with 3 20-ns laser pulse
(530 nm) in ¥.N-dimethylacetamide. The cis o trans photoiso-
micrzuian of the backbone axobenzene units was (gliawed by
rime-resolved oplicgl absorption snd subsequent conforma-
tiongl ¢hange of the polynier chain by lime-resolved light scat-
tering. Before cach laser experiment the polymer was pre-ifra-
diaed with ultraviclet Jight and brought to 8 compscl conlor-
smalion, and lhen the unfolding process was traced by laser
photolysis. The oplical absorpiion change indicaied thal the
cls lo teans isomairaton is ¢completed in 100 ns. Figure 4a
shows s typical ascilloscope bace iHusiraung Iic chaage io
light-scattering inensity during and afles the laser pulse. The
chaqge of the light-scauering dnlensily Ry reflects the canfor-
maliansl change invalving the change in (s7). as shown in
eq |. The inilin) répid increasc is due 1o 3 concurmreht decrease
in the opucal absorplion, as depicied in Prgure 4b. The slaw
decrcase of Ihe seglicting inlensity indicates ¢hal the conforma-
lional change from the compacl 10 the ¢atended confarmacians
takes place in aboul { ms,

The Iarge difference in the response times for the optical ab-
sorplion 3nd the Lght scatlering suggests 3 1wo-slcp mecha-
nism for the phutostimulaled unfolding process. Ouring the
isumerization of the backbone azobenzenc cesidues. the tial
chain conlommalion remalns ia the inival compact conforma-
lion, Afies Ihe isomenadon is complewd, the confomation
rclaxes 1o 8 move stoble extended conlgrmaton in | ms

$in?(8/2) + 274 ()



