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Abgtract  This Minireview details the dedgn, development , and denmondration of chemica drateges
that are used to create nolecular level devices and inplement digital processng and communication. The
design principle here isto integrate two irformetionaly rich but relatively snple nanobuilding blockswith
their conplements through photoinduced electron trander , redox processes, corformetional changes,
photoi nduced energy and proton transer , and supranmolecular events into functional nolecular devices.
Depending on the abundant eectrochemica properties of TTF, lots of D-A-D supranolecules and
[ 2] rotaxanes with the different linkages were syntheszed for sudying photoinduced trandent eectron
trander and nanorecording abilities. Al detailed below are the methods to take advantage of the diginct
abilities of eectron, energy , and proton trander of photochromic iropyran to desgn suprarrolecular
ensambles and oontrol their absorption, fluorescence, and conductive properties by light and chemica
reagents. Based on the pectral and eectrochemica behaviorsdf these ensembles, a whole bunch of rnovel
molecular saitches, logic gates, and nolecular circuits were condructed. At lag, we present an
intereging indght into desgning a new type of luminescent oiropyan nolecules with gable merocyanine
open form in lution aswdl asin the slid date.
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1 Introduction

Motivated by the intrindc physical and ecoromic limitations of semiconductor devices,'*? one of the mgjor

themes in the 21" century research isthe miniaturization of conventional sliconbased devices down to the nolecular

TEmail :guoxX @pku. edu. cn



420 25

scde, which led to the emergence of a new research fidd, often termed” nolecular dectronics”. Actudly ,
miniaturization of optoelectronic devices has been an essential ingredient in the outganding progress of irformetion
techrology over the pad fifty years. Transgors, for exanple , are scaled down at an exponentid rate and the feature
gze ispreently 65 nm and the gate length of FETs at this node is 32nm, which is well within the namp”
range. " *' The next limit of miniaturization is that of nolecules, which are the stallegt entities with definite sze ,
shape, and properties. Recent years have witnessed the dgnificant inprovements in nolecular eectronics,
exenplified by the conprehensve st of proof-of-concept experiments. ™ ¥ Degite these remarkable exarples,
however , this research area is gill a an exploratory gage. In this area the big chdlenge is dill the congruction,
measurements, and understanding of the optical or eectronic regonses of the circuits in which nolecular sysems
play an important role as pivotal €ements.

The essentid requirement for telecommunication and internet applications demands the conti nuous enhancement
of the transmisson capacity and gpeed of communication networks. *” Urfortunately , the interplay between optical
and electricd Sgnalsisa mgjor bottleneck” to the development of optical networks. '**? The possble lution to
thisproblem is to diminate the eectronic portion of these hybrid devices and to route the traveling optica dgnas
with optical , rather than electrica , gimulations. '™ * To do this, materials that would pernit the manipulation of
electricd and opticd dgnas with aternative operating principles mug be developed. Organic nolecules with
conplementary functions are promi g ng candidatesfor the redization of eectronic and photonic devices in the future.
Their atractive features are the miniaturized dimensons and the high degree of control on nolecular desgn possble
in chemca synthess. Hficient and reliable mechaniams to dore, daborae, and communicate sgnals with
functional nolecules can be developed principally and experimentally at the nolecular leve .

This Minireview illudrates the recent progresses in our lab in the pag few years and highlights the chemica
drategies that we have developed to inplement digital processng and communication. ™ *! The key portion here is
to integrate two irformationdly rich but relaively dnple narobuilding blocks with their conplements through
photoinduced dectron trander , redox processes, corformeational changes, photoinduced energy and proton trander ,
and supranmolecular eventsfor the purpose of creating functional nolecular devices. Hectro-active tetrathief ulvalene
(TTF) was utilized to synthesize a seriesof D-A-D supranolecules and rotaxanes with the sdliently different linking
groups. Time reslved absorption/fl uorescence ectra indicate the correlation of the life-time of the charge separated
datesof D-A-D with the linkages while STM invegiggtions of rotaxane thin films show the new phenomeron of
corformation-related reversble, gable namorecording for future high-dendty irformation dorage. Photochromic
nolecule, giropyran (SP) , was used to modulate the absorption , fluorescence, and conductive properties of its
supranolecular ensembles by light and suitable chemica reagents. Based on the gectrd and dectrochemica
behaviors of these nolecules, a series of new nolecular switches, logic gates, and nolecular circuits were
oongructed through photoinduced electron, energy and proton trander reactions. In addition, the sructure and
properties of a new type of fluorescent iropyran nolecule were presented in the end.

2 TTFbased maecular leve devices

Tetrathidulvaene (TTF) and its derivatives have been extensvely invedigated as components of organic
conductors and superconductors. I Meanwhile , on acoourt of their reversible redox properties, TTF derivatives have
a9 been used to congruct supranolecules for gudies of nolecule-based devices, egecidly in recent years. (2 2]
Many eectron donor-acceptor supranoleculeswith TTF units have been prepared for sudies related to intranolecular
photoinduced dectron trander processes, intranolecular charge-tranger interactions and congruction of nolecular
rectifiers. ") In my di ssertation we have conducted two types of work as described below.
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2.1 D-A-Dtriads

We have synthesized a series of D-A-D triads with tetrathidulvalene (TTF) units as eectron dorors and
ngphthyldiimide (NIm)or perylenetetracarboxylic diimide (PIm) as dectron acceptors (TTF () -NIm/Pinr () -
TTFs) ' * Intranolecular photoinduced charge-sparation and charge-recombination processes of these
supranolecules have been invedigated by time-relved abgorption and fluorescence techniques. For exanple ™ the
fluorescence lifetimes of the NIm noiety in TTF (90) -NInr () - TTFs cong derably decreased conpared with that of
the NIm nolecule , suggeging the photoi nduced intrarrolecular charge ssparation via the dnget excited date of the
NIm noiety. Based on the charge- ssparation rate congants( kes) and quantum yidds(®Pcs) of TTF () -NImr ()~
TTF from the observed short fluorescence lifetimes, the kes valuesfor the triadswith the rigid cyclohexyl acers are
larger than that with long flexible akyl chain gacers. In the nanpbsecond trandent Pectrain PhON , the abgorption
bands were observed at 480nm and 760nm, which were attributed to the radical anion of NIm suggeging the
formetion of TTF - (9)-NIm - (9)-TTF. Fom the decaysdf the radical ion-pair , the charge-recombination rate-
congants( ko) were evaluated in the range of 9 x 100 3 x 10's . Longer lifetimes of the radical ion-pair were
observed for the triads with the cyclohexyl gacer than that of the long flexible gacer. Fom the termperature
dependence of the ker values, the reorganization energes and coupling congants were experimentally evad uated in
PhCN; srdl coupling condants of the triads with the cyclohexyl acers than that of the long flexible gacers
support the relatively long lifetimes of the charge separated sates of the chyclohexyl spacer. Fgure 1 indicates the
optimized nolecular gructures and suggesed energy diagram of TTF (9)-NInr () -TTF with the chyclohexyl
gacer in PhON. These data show the grong evidence of the dependence of intranolecular photoinduced e ectron
trander on the different linkage gacers, thus providing the scientific foundation of fabricating ultrefag picosecond
nolecular snitches.
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Fig.1 Optimized mdecular gructuresand energy diagram o triads in PhCN
Asto TTF ()-PInt () - TTFs, "™ UV vi's ectrosoopic and cyclic voltammetric results indicate that they all

show nedigible intranolecular charge trander interaction in their ground gates. Smilar to TTF (9)-NInr () -
TTFs, these triads dilay reduced fl uorescence and their fluorescence lifetimes suggeding the photoi nduced e ectron
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trander interactions between the PIm units and TTF units, and the dependence of intranolecular photoinduced
eectron trander due to their difference in the gatiad sgparation of TTF and PIm units. It isa prdiminarily found
that the geric hindrance of the groups attached to TTF units can inprove their photogtahility.
2.2 TTFbasd rotaxanes

Rotaxane is afamily of interlocked rmolecules with one or nore rings encircling a dumbbell- shaped conrponert .
Asprime candidates for the congruction of artificial nolecular machines, rotaxanes have become the subject of
intense invedigations. The [ 2] rotaxanes , which contain tetrathigfulvalene (TTF) and 1,5 dioxyngphthalene (DNP)
asthe two recognition sations and cyclobis(paragquat- p-phenylene) (CBRQT'") as the cydlic niety , have been
conmprehensively investigated by Soddart and coworkers. ' It is anticipated that sructural nodification of the TTF
noiety would change its electron-donating ability and accordingly the interaction between TTF and CBRQT ™ would
be dfected. Thus, we intended to prepare snitchable [ 2] rotaxanes with new TTF derivatives. In this context , we
reported two new TTFDNP-CBRQT'" [ 2] rotaxanes with cyclohexyl and alkyl chains as the acers.'™ In these two
[2]rotaxanes, the TTF noiety isthe 4 ,4 (5 )-diakyithiotetrathief ulvalene that is rather easly accessble based on
the synthetic procedure developed by us previoudy ,” " and two different spacers are used: cyclohexyl and alkyl
chains (H1 and H2in Fig. 2) . The two Sopper units are G>-dendritic noieties. It wasfound that the BRYT" can
be snitched between the TTF and DNP dations of [ 2] rotaxanes in solution upon oxidation and reduction and gable
norolayersof [ 2] rotaxanes can be formed at the air-water interface. Then the corregponding multilayer LB films can
be fabricated with the normal LB technique. Gonducting atomic force microsoopy , scanning tunneling microsoopy
and two-termina junction device gudies indicated that the LB films of [ 2] rotaxanes showed eectricd bigability
behavior resulting from the digtinct corformetional states. By conparing with the TTFDNP CBRQT' ™ [ 2] rotaxanes
reported by Soddart , et al. previoudy %) the present results inply that proper nodification of the chemica
gructures of the TTF unit and the gacer have negigble efect on the eectrica bidability behavior of these TTH
DNP-CBRQT'" [ 2] rotaxanes. These findings will alow for the design and preparation of new multifunctiond TTF
DNP-GBRQT" " [2] rotaxanes in the future.
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Fig.2 Mdecular gructuresd Hl (left) and H2 (right) and the corresponding STM images of the recor ding dots
written on their thin films the detailed experiments can be found in the referenceq 37  39]

More interegtingly , our preliminary STM experiments” demongrated that the thin films based on H1 nolecule
with the flexible spacer indicated the gable, reproducible nanorecording (Fg. 2) . The thin films exhibited a
revers ble conductance snitching and nonvolatile menory dfect with an on/dff ratio of about 100. These results show



3 QJO Xue-Feng, e al :Minireview: nolecular level devices based on dectroactive tetrathief uivaene 423

for the fird time that a rotaxane thin film may be a promisng candidate for goplication in nanorecording.
Furthermore , our detailed STM experiments **' clearly showed the erasable and rewritable nanorecording behaviors
in thinfilms of H2 with the rigd gacer as a result of the reverdble conductance transtion in the H2 rotaxane
nmolecules(Fig. 2) . We suggested that the difference of their eectrica behaviors between H1 and H2 in thin films
resulted from the flexibility of the different oacers. The cyclohexyl chain is ratively rigid conpared to the akyl
goup. onsequently , the internolecular interaction of H2 noleculeswill rot be as grong as that in H1 nolecules,
making the GBRQT"" ring nove back and forth possble. This work indicates the potential for the chemical
nodification of the rotaxane molecules as a promi S ng route toward nolecular merrories, which have gable dectrica
properties and a long lifetime suitable for practical gpplications.

3 SP-based molecular levd devices

Asone of the mog promisng families of photochromic conpounds, spiropyran nolecules (SP) have been
extensvely invedigated , mainly due to their potentia gpplication in the area of nolecular senrs, snitches, and
irformetion procesors. Uniquely , giropyran can undergo reverdble gructura trandormétion armong the three dates
as shown in Sheme 1, acconpanying the sgnificant changes of the characterigic photochemical and photophysca

properties, in regponse to externa inputs such as NO:
light, proton, and meta ions® *'. By taking @ — _ Uview | M
advantage of these properties o piropyran 1o NOz  Visiblelight or Heat

nolecular sysems with iropyran have been

corfigured to mimic the functions of severa VNM " o

integrated logc gaes, and noreover, or Heat

communication networks have been proposed in @6% <©

recent years®*' . In this context , we are going

to tell you our own recent progreses and the MC-M"

chemical drateges tha we have developed to
creste nmolecular snitches, nolecular sengors,
and integrated logic gates through photoinduced
eectron, energy, and proton trander

Sheme 1 llludrations of the reversible sructural trang or mations
o nitrospiropyran ( SP) in response to light,

heat, proton and metal ions

mechani ams.
3.1 Hectron trander

FHrda o al , wewould like to introduce our firg observation of a new phenomeron of photocontrollable e ectron
trander reaction in a doror-acceptor (D-A) dyad. Then we will nove to show our interesing results of further
goplications based on this finding for creating the integrated nolecular logc gates. This disoovery and the new
drategiesfor concatenation of cormplementary nolecular conponents through el ectron trander may not only add new
meritsto the chemigry of photochromic iropyrans but a9 find potential gpplication in the condruction of new
nolecule-based devices.
3.1.1 Discovery of a new phenomenon

To the beg of our knomedge, there has been no report that deals with photoregulation of e ectron-tranger
reaction for the eectron donor-acceptor (D-A) dyad with photochromic iropyran as one of the units. This is
probably because both the closed form (SP) of spiropyan and the correponding open form (MC) are weak eectron
dorors and they have dmilar oxidation potentids. It should be roted that the MC form is able to coordinate with
suitable metd ions and as a result the absorption gpectrum of MC form is hypsochromically shifted, while the
correponding SPform does ot show this behavior'™ . Therefore , if the metal ions such as the ferric and the
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TTE-SP F_e.. TTF* -SP ferrous ions, which show redox behaviors, are
\365“ used, it sems possble to ater their redox

potentia's by light in the presence of photochromic

Piropyran. Keeping thisideain mind, a new dyad
Fo?* ) oontaining an electroactive unit (tetrathidfulvaene,
TTE-MC T TTF-MCFe™” TTH and a photochromic unit (piropyran, SP)
has been synthesized (Fig. 3) .'*' Sectra dudies

CsHi3S
TTF= ][ ][ MC= showed that the redox atesof the TTF unit of dyad
CeHy3S S(CH,),, -

in the presence of ferric ions were dependent on the

- NO MCM™ = pmtosz\/itchirg process of the piropyran unit upon
[ : M"* UV light irradiation. Hectrochemica invedigeations

indicated that the oxidation potentia of ferrous ion

was largely reduced &ter coordination with MC (the

open formadf SP) . Asareslt , the eectron-trander
reaction from MC- F&’* to TTF" , which act as dectron doror and acceptor , reectively , is thernodynamically
fawrable (Fg.3). Therdfore, the dectron-trander reaction between the TTF unit and ferric ion can be
photocortrolled in the presence of the SP unit. The present result shows the possibility to desgn new eectron donor-
acceptor supranolecules contai ning piropyran units to photoregulate the eectron-tranger reaction in the aoplications

365 nm 365 nm TTF* —MC-Fe**

Fig.3 Trandormation o dyad TTF SP under
the action of UV light and ferric ion

o nolecular dectronics.
3.1.2 Intramolecular dectron trander

The firg gpplication is to introduce photochromic iropyrans (SP) into perylene diimide dye sysem (PI) ,
because of its excellent dectronaccepting ability aswell astheir excdlent sahility , high nolar extinction codficient
and fluorescence quantum yield ,|** for the purpose of regulating the photoinduced intranolecular electron trander
(PET) processes with muitiple external simulations. '™ The absorption spectrum of dyad 1 (Fig. 4) indicated that
the aborption bands are obvioudy red-shifted by 21nm and 18nm respectively , conpared to those of the reference at
A e = 529nm and 494nm. Al , the dectrochemical experiments showed that the firg reduction potentia was

sgnificantly reduced and o didinct oxidation poggntlal was observed for dyad 1. These results cond gently suggest
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that the Pl and SP units in dyad 1 are s¢rondy coupled in the ground date probably due to their intimacy only
through one oxygen atom bridge. As a result , the fluorescence of Pl unit is completely quenched.

However , we found that the cooperative actions of UV light and ferric ion can decouple the srong dectronic
interaction between Pl unit and SP unitsin the ground date , asindicated by the hypsochromica shiftsof Pl unit due
to the formation of ME: Fe’" conplex units. Further protonation of the N-methyl indole moiety of SP units can turn
of the PET processesfrom SP unitsto Pl unit. Gonsequertly , the fluorescence of Pl unit can be regored (Fig. 4) .
Detailed experiments showed that Smultaneous or consecutive operations of one or two of these three inputs (UV
light , ferric ion and proton) could shut off either of the ways, but mot both. Therefore , it is not unexpected that the
fluorescence of Pl unit of dyad 1 can be dgnificantly enhanced only with the cooperative action of UV light , ferric
ion and proton (Fig. 4) . These behaviors of dyad 1 can be interpreted by a novel threeinput® AND” logic gate.
The fluorescence spectrum and working mechanism are illudrated in FHg. 4.

3.1.3 Intermolecular dectron trander

Beddes intranolecular dectron trander, internolecular electron trander is amother inportant pathway to
concatenate the environmenta events for information communication in nature. In the research, it is o an
important method to build the conplex communicating network through the concatenation between independent
conmponents. For exarple "™ we denpndrated the firg exanple of a substantial fluorescence change between two
communicating nolecular snitches via a reversble redox reaction. What is essentia to underganding this
communication strategyis the low oxidation potential of complex MC- Fe* | which makes the electron tranger from

MC-F¢" to HAu’- thermpdynamicaly fawrable. © -
|
Frdly, we dowed a move reverdble redox COOCH,, Fe2t IIV 6@ NO,
. . ~ Sp
fluorescence  snitch based on fluorescein through |, .:OL‘ o V
oxidation by Fe" and reduction by NaSOs. Flu* o,
i i + 2,2'-bipyridine-
Seoondy, by taking advartage of intermolecular o Peso) g0 Vi gt
dectron trander from MC - F&* to HAu -, we O Lo iCFe Y ‘o,
denongrated the reversble fluorescence nodulation of @ \.\ ors @ e
& +9
the ensamble of the fluorescence switch fluorescein and  H;C,0 00 F(e; OH
Flu® MC-Fe’

the photochromic snitch SP via the reverdble

Fe( )/Fe( ) redox couple as shown in Sheme 2. Scheme 2 Trangormation patterns of the communicating
The oommunicating behavior o this ensemble ensemble of two mdecular switches
corregponds well to the function of an INHIBIT logc gate.

We do found™ that the fluorescence of pyrene in THF was sgnificantly quenched in the presence of
photochromic giropyran , mainly due to intermmolecular photoinduced eectron trander. However , the fluorescence of
the ensemble sl ution redored nearly to the initial value of the origind lution of PY dter the consecutive operations
o externa inputs (Fe (AO,); and UV light) . Such photo-controlled PET reaction is due to the formetion of
MC- Fe* conplex , leading to the nmodulation of eectron-conating ability of SP. It is beieved that such photo-
oontrolled PET process will find applications in the ocondruction of nolecular-based devices for irformation
communication and menory.

3.1.4 Monomolecular half-adder

One o the great challenges in nolecule-based devices is to fabricate highly conplex integrated circuits at the
nolecular level. Therefore , integration of relaively snple logic gatesinto high-leve circuits (e. g. , half-adder) is
highly important not only for the potentia goplication in nolecular level devices but a9 for the underganding of
oonmplex mechaniams of ome inportant biological processes. In this regard , we denongrate’™ for the firg time a
novel kind of theoreticd nonomolecular” half-adder based on multi gate/multif unctional photochromic iropyrans.
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Amax=580mm Siropyran nolecue (SP1) can be trandormed to
MC1,MC1- F¢" and SPL*" (Fig.5) , each of which
€3+ . . .

y //’2 e L “odlpyrx‘ w,  Sowsa characterigic absomption ectrum, under the
o S appropriate actions of 11 (UV light) and 12 (ferric
o \ »adipyridine >$30 am Yoo, ion). The intrindc network of the trandormetions

365nm _Fe3* +
\ . ;:::420,,,,, anong the four sates (SPL, MCL, MCL- F¢* |, and
|: © VO 0} SP1"") reveds the didinct and intereing properties.
. sp1* The behaviors of the absorption changes at 420nm and
max = 480 nm

520nm corregpond to those of an“ AND” gate and an
UV input NOT AND

“ XOR” gae, repectivdy. Snce the aborption

CARRY DIGIT SUM DIGIT
Ao o,-Q::: 0,A,, Changesat both 420nm and 520nm are based on the
entity of a snge nolecule of iropyran (e.g. , SP1)

Feinput © NOT AND and under the same externd inputs, the AND and XOR
gates can be* operated” in pardld. Therdore, the
Fig.5 Intrinsic interconversion network o thefour sates —absorption  goectral  varidtions of the wlution of
o SP1 and the corresponding physical dectronic symbds  iropyran in reponse to UV light irradiation and ferric
o the 2-input logic half-adder circuit ion mimic the function of a“ hdf-adder” that can

perform snple arithmetic addition (Fig.5) .

Half-adder

3.2 Energy trander
As gown in Sheme 1, photochromic siropyran can undergp reversble gructura trandormation anong the
three gates, acconpanying the dgnificant changes of the characterigic photochemical and photophysca properties
upon exposure to external inputs such aslight , proton , and metal ions. The three gatesof piropyran SP, MC, and
MCH show different abgorption gectra, and thus it is posible to regulate the fluorescence intendty of a suitable
fluorophore by irradiation of the wlution containing both piropyran and the fluorescent nolecule through
fluorescence renance energy trander (FRET). Indeed, Rayno and Moore, e. al. dudied the* dgnd
communication” between arometics or porphyrin and iropyran, and proposed the corresponding integrated logic
gates and communication network. %!
3.2.1 Intramolecular energy trander
We rotice that fluorescein (Hu) shows the emisdon in the range of 500 650nm, and hence the big overlgp
between its fluorescence spectrum %the abomtion gectrum of MC. There is dnmog no overlgp between the
fluworescence ectrum of fluwrescein and the
abomtion ectra of SP and MCH. One
remarkable feature here is that fluorescein shows
drong absorption around 430nm, a which SP,
MC, and MCH have very weak aborption. Thus,
excitation of fluorescein at 430nm will perturb
none of the three gates of iropyran (SP, ME,
and MEH) . With these thoughts in mind , a new
dyad SP-Ar-SP™! with two iropyran units as
the photochromic acceptors and one fluorescein

unit as the fluorescent doror was syntheszed and
Scheme 3 The rever sible switching cycle for SP-Hu SP under characterized ( Scheme 3). Bxternd
the action o three external inputs: UV light ,visible light and proton

ME-Flu-ME

inputs
(ultraviolet light, visble lignt, and proton)
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induce the revershle changes of the gructure and , concomitantly , the absorption ectrum of SP-Hu- SP due to the
presence of two iropyran units. Only the absorption spectrum of the MC form of the uiropyran unitsin this dyad
has large ectra overlgp with the fluorescence gpectrum of the fluorescein unit. Thus, the fluorescence intendty of
this dyad is nodulated by reverdble converson anong the three gates of the photochromic giropyran units and the
intramolecular fluorescence reonance energy trander ( FRET) between the MC form and the fluorescein unit
(Scheme 3) . Based on the fact that SPHu SP could” read out” three externa input Sgnals (ultraviolet light ,
vidble light and proton) and“ write” a conpatible ecific output Sgnal (fluorescence intendty) , this nolecule
described here can be cond dered to perform an integrated circuit function with one OR and one AND interconnected
logc gates. These reaults denondrate an dficient srategy for eaborating and tranaitting irformetion at the snge
nolecular leve .
3.2.2 Intermolecular Energy trander

To our beg knowedge , there is no report about reverdble regulation of pyrene excimer fluorescence through
energy trander due to the lack of the suitable chronophores as the energy acceptors. Although there is no obvious
ectra overlgp between the excimer emission band of pyrene and the absorption band of MC, however , one smart
behavior of SPisthat addition of suitable metd ions to the MC slution can cause the blue-shift of the absorption
gectrum, thus subgantialy increasng the goectra overlgp between the excimer emisson band of bispyrene and the
abrption band of the MG Zn"" conplex. Consequently by taking advantage of the fact that slitable metal ions can
induce hypsochromic shift of the absorption ectrum of MCform, the dficient and reversble intermolecular energy
trander (and mutuad communication) was redized in olution containing Spiropyan and bispyrene together with
metal ion (e.g. , Zn°" or Mn** or C&*) under UV light irradiation for thefirgt time (Scheme 4) . Based on this
result , a new nolecular logic circuit containing one® AND” and one®* NOT” logc getes is proposed. In addition,
the present results al$ denondrate that the extent of the excimer fluorescence quenching is dependent on what kind
of meta ions are used. Thus, the present sysem may be usfful in condruction of new metd ion sensrs in the

future.
Sl[,nal communication ( o
CH;O
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Sheme 4  Signal communication pattern between spiropyran and bis pyrene

3.3 Proton trander

Arnother remarkable feature of iropyran is thet the intringc interconverson among the three gates (SP, MC
and MCH) acoonpanies the reversble uptake and release of protons upon UV and vishle light irradiations as shown
in Sheme 1. f this reversble uptake and release of protons regulated by light based on spiropyran is combined with
other functiona meterials, whose properties are dependent on the level of protonation , the corresponding properties
of these materias can be reversble regulated. We fortunately found two smart exanples: revershble regulation of the
conductivity of polyaniline™ and reversble modulation of the fluorescence of pyrenemethylamine. (!

The unique property of polyaniline is that its eectricad conductivity depends not only on the level of oxidation
but d < on the degree of protonation. The reverdble interconverdon of the® base form” and“ st form” can be
achieved by enmploying the principle of acid/base (doping/dedoping) chemigry enabling control over its eectrica
conductivity (Fig. 6) . Asa proof of principle ,"* we firg tested the possihility of photoinduced internlecular proton

(( Ha)o

20 nm
36< nm 2
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trander reaction between MC and polyaniline in olution. We found that absorption spectral gudies didn’ t indicate
the observable proton tranger between the st form of polyaniline and SP before UV light irradiation but did show
proton trander reaction from the* st form” of polyaniline to the MC form dter UV irradiation acoonpanied by the
di ssppearance of the characterigic absorption band of MC at around 580nm and the sdlient enhancement of the MCH
aborption band a around 420nm. Very dmilarly , the lid-date absorption gectra of SPdoped polyaniline thin
films indicated the gradua proton trander reaction from the* st form™ of polyaniline to the MC form during UV
irradiation and prolonged visble-light irradiation could nearly regore their origina absmtion ectra, indicating the
revershility of proton trander reaction between them (Fig.6) . As a result , the dectrica conductivity of the thin
film of SP-doped polyaniline can be reversbly controlled by UV and visble lights (Fg. 6) . Thisisthefirg exanple
o reverdble regulation of the dectricad oconductivity of thinfilms of SP-doped eectro-active materids by light
irradiation. Such oconducting meterid's based on SP-doped polyaniline may find potentid gpplication in the field of
i formetion recording and processng in the nondesructive manner. To inprove the reverghility , recently we dso
reported another intereging exanple of reverdble photoswitching behaviors of the oconductance of iglated
smonducting sngewalled carbon namptube trangdors through the combination of microfabrication and
roncovalent seif assembly. [

Proton doping” Proton dedoping
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and the conducting pdyaniline and demondration o the reversible modulation of the conductivity o their thin films

The seoond intereding exanple is that the fluorescence of pyrenemethylamine hydrochloride can be revergbly
nodulated by light in the presence of spiropyran. '™ The key point here isthat the reversble interconversion between
pyrenemethylamine and protonated pyrenemethylamine is acconpanied by the change of fluorescence intensity due to
the quenching dfect of photoinduced dectron trander , condituting the bags for a proton-dependent fluorescence
snitch. The interconverdon of SP anong three gates induced by ultraviolet light , visble light , and proton inputs
can dficiently controls the level of protonation of pyrenemethylamine and thus denongrate the sgnad communication
between two nolecular snitches through proton trander bridge.

4 A new photochromic spiropyran molecule

As dexcribed above, by fully utiliziing these different properties of uiropyran, nolecular sygems related to
iropyran have been developed to mimic the functions of several nolecular snitches, nolecular senors, integrated
logic gates and noreover communication networks. However , the gpplication of iropyran in these areas is dill
hindered by the fact that its open merocyanine form (MC in Scheme 1) is thermally ungable. Thus, sabilization
and clear ducidation of ther rea metar gable gructure are one of the crucia topicsin this context. In thisregard ,
a new iropyran SP2 with the gable merocyanine form both in slution and in the olid date at room termperature
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[61]

was desgned and synthesdzed.”™ The design principle isto introduce the srong € ectron-withdraning groups into the
proper podtions of the molecule. "HNMR Foectra indicate that the ratio of the open form vs the closed form of SP2
is dependent on the polarity of solvents. Hgure 7 indicates the nmolecular crystd gructure of the sable merocyanine
form with s-trans, s-cis corformation. It sould be moted that thisisthefirg report of the X-ray crysga gructure of
the pure open form of uiropyran. The dahility of MC2 is believed to be due to the eectron-withdraning effect of
hoth the quinoline and the trifluoromethyl groups. The spectral properties of SP2/MC2 in the presence of different

meta ions are Ao gudied , and the results show the potentid gpplication of SP2/MC2 in sensng metd ions.
—L |
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Fig. 7 Mdecular crydal gructure of MC2 with strans, s-cis confor mation

5 Summary and per spectives

In summaries, this minireview details the desgn, development , and denondration of chemica drateges that
allow us to create nolecular level devices and inplement digital process ng and communication. The design principle
here is to integrate two irformationally rich but relatively dnmple nanobuilding blocks with their conrplements through
photoinduced dectron trander , redox processes, corformeational changes, photoinduced energy and proton trander ,
and supranolecular events into functiona nolecular devices. On the one hand, a series of D-A-D supranolecules
and [ 2] rotaxanes based on TTF with the different linkages were syntheszed. Transent absrption/fluorescence
ectra indicated the corrdation of the life-time of the charge separated dates of D-A-D with the linkages and STM
invedigations of rotaxane-based thin films showed the new pheromeron of corformetion-related reversble, gable
nanorecording for future high-dendty information sorage. On the other hand , photochromic iropyran (SP) was
used to nodulate the absmtion , fluorescence , and conductive properties of its supranolecular ensembles by light
and chemical reagents. Based on the goectrd and eectrochemica behaviors of these ensembles, a whole bunch of
rnovel nolecular snitches, logic gates, and nolecular circuits were condructed through photoinduced electron,
energy and proton trander reactions. At lag , a new fluorescent giropyran with the gable merocyanine form both in
lution and in the lid date a room termperature was presented and showed s-trans, s-cis corformation in snge
crydds.

These researches cover the broad fields of chemical and materids stience including nolecular eectronics
(molecular snitches, nolecular senoors, logc gates, nolecular computing, and o on) , dye chemigry and
photochemigry , not only broadening and enriching the chemigtry of tetrathigf ulvalene and photochromic iropyran ,
but do providing sme indghts into nolecular level optodectronic devices. However , a the present dage our
gudies gill remain the rudimentary exanples, but encouraged us to continue our efortsin thisarea. In the future,
practica agpplications in eectronics and photonics might emerge only dter consderable fundamental gudies on
various agpects of this research area. One of the mgjor challengesisin great need of nore prototypes and srateges
o integrating ilated nolecular snitches to chemica networks, ensuring the fag iformetion processing and
trangortation. Arnother mgjor chalenges is the demondration of methods to incorporate these functional nmolecules
into olid-gate devices while maintaining their Sgnal transduction abilities. Al the congruction of nano-eectronic
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circuits and al-optical networksfrom nolecular componentsis needed to lead the development of a new generation of
digtal devices for irformetion techrology. S, we have many opportunities at the bottom of nolecules in this
burgeoning field.
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