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Abstract 　This Minireview details the design , development , and demonstration of chemical strategies

that are used to create molecular level devices and implement digital processing and communication. The

design principle here is to integrate two informationally rich but relatively simple nanobuilding blocks with

their complements through photoinduced electron transfer , redox processes , conformational changes ,

photoinduced energy and proton transfer , and supramolecular events into functional molecular devices.

Depending on the abundant electrochemical properties of TTF , lots of D2A2D supramolecules and

[2 ]rotaxanes with the different linkages were synthesized for studying photoinduced transient electron

transfer and nanorecording abilities. Also detailed below are the methods to take advantage of the distinct

abilities of electron , energy , and proton transfer of photochromic spiropyran to design supramolecular

ensembles and control their absorption , fluorescence , and conductive properties by light and chemical

reagents. Based on the spectral and electrochemical behaviors of these ensembles , a whole bunch of novel

molecular switches , logic gates , and molecular circuits were constructed. At last , we present an

interesting insight into designing a new type of luminescent spiropyan molecules with stable merocyanine

open form in solution as well as in the solid state.
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1　Introduction

Motivated by the intrinsic physical and economic limitations of semiconductor devices ,
[1 ,2 ]

one of the major

themes in the 21
th

century research is the miniaturization of conventional silicon2based devices down to the molecular



scale , which led to the emergence of a new research field , often termed“molecular electronics”. Actually ,

miniaturization of optoelectronic devices has been an essential ingredient in the outstanding progress of information

technology over the past fifty years. Transistors , for example , are scaled down at an exponential rate and the feature

size is presently 65 nm and the gate length of FETs at this node is 32nm , which is well within the“nano”

range. [1～3 ] The next limit of miniaturization is that of molecules , which are the smallest entities with definite size ,

shape , and properties. Recent years have witnessed the significant improvements in molecular electronics ,

exemplified by the comprehensive set of proof2of2concept experiments.
[4～9 ]

Despite these remarkable examples ,

however , this research area is still at an exploratory stage. In this area the big challenge is still the construction ,

measurements , and understanding of the optical or electronic responses of the circuits in which molecular systems

play an important role as pivotal elements.

The essential requirement for telecommunication and internet applications demands the continuous enhancement

of the transmission capacity and speed of communication networks.
[10 ]

Unfortunately , the interplay between optical

and electrical signals is a major“bottleneck”to the development of optical networks.
[11 ,12 ]

The possible solution to

this problem is to eliminate the electronic portion of these hybrid devices and to route the traveling optical signals

with optical , rather than electrical , stimulations. [13～15 ] To do this , materials that would permit the manipulation of

electrical and optical signals with alternative operating principles must be developed. Organic molecules with

complementary functions are promising candidates for the realization of electronic and photonic devices in the future.

Their attractive features are the miniaturized dimensions and the high degree of control on molecular design possible

in chemical synthesis. Efficient and reliable mechanisms to store , elaborate , and communicate signals with

functional molecules can be developed principally and experimentally at the molecular level .

This Minireview illustrates the recent progresses in our lab in the past few years and highlights the chemical

strategies that we have developed to implement digital processing and communication.
[16～21 ]

The key portion here is

to integrate two informationally rich but relatively simple nanobuilding blocks with their complements through

photoinduced electron transfer , redox processes , conformational changes , photoinduced energy and proton transfer ,

and supramolecular events for the purpose of creating functional molecular devices. Electro2active tetrathiafulvalene

(TTF) was utilized to synthesize a series of D2A2D supramolecules and rotaxanes with the saliently different linking

groups. Time2resolved absorptionΠfluorescence spectra indicate the correlation of the life2time of the charge separated

states of D2A2D with the linkages while STM investigations of rotaxane thin films show the new phenomenon of

conformation2related reversible , stable nanorecording for future high2density information storage. Photochromic

molecule , spiropyran (SP) , was used to modulate the absorption , fluorescence , and conductive properties of its

supramolecular ensembles by light and suitable chemical reagents. Based on the spectral and electrochemical

behaviors of these molecules , a series of new molecular switches , logic gates , and molecular circuits were

constructed through photoinduced electron , energy and proton transfer reactions. In addition , the structure and

properties of a new type of fluorescent spiropyran molecule were presented in the end.

2　TTF2based molecular level devices

Tetrathiafulvalene ( TTF) and its derivatives have been extensively investigated as components of organic

conductors and superconductors.
[22 ]

Meanwhile , on account of their reversible redox properties , TTF derivatives have

also been used to construct supramolecules for studies of molecule2based devices , especially in recent years. [23～28 ]

Many electron donor2acceptor supramolecules with TTF units have been prepared for studies related to intramolecular

photoinduced electron transfer processes , intramolecular charge2transfer interactions and construction of molecular

rectifiers.
[29 ]

In my dissertation we have conducted two types of work as described below.
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211　D2A2D triads
We have synthesized a series of D2A2D triads with tetrathiafulvalene ( TTF) units as electron donors and

naphthyldiimide (NIm) or perylenetetracarboxylic diimide ( PIm) as electron acceptors ( TTF2(sp)2NImΠPIm2(sp)2
TTFs ) ,

[30～33 ]
Intramolecular photoinduced charge2separation and charge2recombination processes of these

supramolecules have been investigated by time2resolved absorption and fluorescence techniques. For example ,
[32 ]

the

fluorescence lifetimes of the NIm moiety in TTF2(sp)2NIm2(sp)2TTFs considerably decreased compared with that of

the NIm molecule , suggesting the photoinduced intramolecular charge separation via the singlet excited state of the

NIm moiety. Based on the charge2separation rate constants ( kCS) and quantum yields(ΦCS) of TTF2(sp)2NIm2(sp)2
TTF from the observed short fluorescence lifetimes , the kCS values for the triads with the rigid cyclohexyl spacers are

larger than that with long flexible alkyl chain spacers. In the nanosecond transient spectra in PhCN , the absorption

bands were observed at 480nm and 760nm , which were attributed to the radical anion of NIm suggesting the

formation of TTF
·+ 2(sp)2NIm

·- 2(sp)2TTF. From the decays of the radical ion2pair , the charge2recombination rate2
constants( kCR) were evaluated in the range of 9 ×10

5～3 ×10
7
s

- 1
. Longer lifetimes of the radical ion2pair were

observed for the triads with the cyclohexyl spacer than that of the long flexible spacer. From the temperature

dependence of the kCR values , the reorganization energies and coupling constants were experimentally evaluated in

PhCN ; small coupling constants of the triads with the cyclohexyl spacers than that of the long flexible spacers

support the relatively long lifetimes of the charge separated states of the chyclohexyl spacer. Figure 1 indicates the

optimized molecular structures and suggested energy diagram of TTF2( sp )2NIm2( sp )2TTF with the chyclohexyl

spacer in PhCN. These data show the strong evidence of the dependence of intramolecular photoinduced electron

transfer on the different linkage spacers , thus providing the scientific foundation of fabricating ultrafast picosecond

molecular switches.

Fig11　Optimized molecular structures and energy diagram of triads in PhCN

As to TTF2(sp)2PIm2(sp)2TTFs ,
[33 ]

UVΠvis spectroscopic and cyclic voltammetric results indicate that they all

show negligible intramolecular charge transfer interaction in their ground states. Similar to TTF2( sp)2NIm2( sp)2
TTFs , these triads display reduced fluorescence and their fluorescence lifetimes suggesting the photoinduced electron
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transfer interactions between the PIm units and TTF units , and the dependence of intramolecular photoinduced

electron transfer due to their difference in the spatial separation of TTF and PIm units. It is also preliminarily found

that the steric hindrance of the groups attached to TTF units can improve their photostability.

212　TTF2based rotaxanes
Rotaxane is a family of interlocked molecules with one or more rings encircling a dumbbell2shaped component .

As prime candidates for the construction of artificial molecular machines , rotaxanes have become the subject of

intense investigations. The [2 ]rotaxanes , which contain tetrathiafulvalene (TTF) and 1 ,52dioxynaphthalene (DNP)

as the two recognition stations and cyclobis (paraquat2p2phenylene) (CBPQT
4 + ) as the cyclic moiety , have been

comprehensively investigated by Stoddart and coworkers.
[34 ,35 ]

It is anticipated that structural modification of the TTF

moiety would change its electron2donating ability and accordingly the interaction between TTF and CBPQT
4 +

would

be affected. Thus , we intended to prepare switchable [2 ]rotaxanes with new TTF derivatives. In this context , we

reported two new TTF2DNP2CBPQT4 + [2 ]rotaxanes with cyclohexyl and alkyl chains as the spacers. [36 ] In these two

[2 ]rotaxanes , the TTF moiety is the 4 ,4′(5′)2dialkylthiotetrathiafulvalene that is rather easily accessible based on

the synthetic procedure developed by us previously ,
[26 ,27 ]

and two different spacers are used : cyclohexyl and alkyl

chains (H1 and H2 in Fig12) . The two stopper units are G22dendritic moieties. It was found that the CBPQT
4 +

can

be switched between the TTF and DNP stations of [2 ]rotaxanes in solution upon oxidation and reduction and stable

monolayers of [2 ]rotaxanes can be formed at the air2water interface. Then the corresponding multilayer LB films can

be fabricated with the normal LB technique. Conducting atomic force microscopy , scanning tunneling microscopy ,

and two2terminal junction device studies indicated that the LB films of [ 2 ] rotaxanes showed electrical bistability

behavior resulting from the distinct conformational states. By comparing with the TTF2DNP2CBPQT
4 +

[ 2 ] rotaxanes

reported by Stoddart , et al . previously ,
[34 ,35 ]

the present results imply that proper modification of the chemical

structures of the TTF unit and the spacer have negligible effect on the electrical bistability behavior of these TTF2
DNP2CBPQT

4 +
[2 ]rotaxanes. These findings will allow for the design and preparation of new multifunctional TTF2

DNP2CBPQT
4 +

[2 ]rotaxanes in the future.

Fig12　Molecular structures of H1 ( left) and H2 ( right) and the corresponding STM images of the recording dots

written on their thin films the detailed experiments can be found in the references[ 37～39]

　

More interestingly , our preliminary STM experiments
[37 ]

demonstrated that the thin films based on H1 molecule

with the flexible spacer indicated the stable , reproducible nanorecording ( Fig12) . The thin films exhibited a

reversible conductance switching and nonvolatile memory effect with an onΠoff ratio of about 1001 These results show

224 中国科学院研究生院学报 第 25卷



for the first time that a rotaxane thin film may be a promising candidate for application in nanorecording.

Furthermore , our detailed STM experiments
[38 ,39 ]

clearly showed the erasable and rewritable nanorecording behaviors

in thin films of H2 with the rigid spacer as a result of the reversible conductance transition in the H2 rotaxane

molecules (Fig12) . We suggested that the difference of their electrical behaviors between H1 and H2 in thin films

resulted from the flexibility of the different spacers. The cyclohexyl chain is relatively rigid compared to the alkyl

group . Consequently , the intermolecular interaction of H2 molecules will not be as strong as that in H1 molecules ,

making the CBPQT
4 +

ring move back and forth possible. This work indicates the potential for the chemical

modification of the rotaxane molecules as a promising route toward molecular memories , which have stable electrical

properties and a long lifetime suitable for practical applications.

3　SP2based molecular level devices

As one of the most promising families of photochromic compounds , spiropyran molecules ( SP) have been

extensively investigated , mainly due to their potential application in the area of molecular sensors , switches , and

information processors. Uniquely , spiropyran can undergo reversible structural transformation among the three states

as shown in Scheme 1 , accompanying the significant changes of the characteristic photochemical and photophysical

Scheme 1　Illustrations of the reversible structural transformations

of nitrospiropyran ( SP) in response to light ,

heat , proton and metal ions　

properties , in response to external inputs such as

light , proton , and metal ions
[40～44 ]

. By taking

advantage of these properties of spiropyran ,

molecular systems with spiropyran have been

configured to mimic the functions of several

integrated logic gates , and moreover ,

communication networks have been proposed in

recent years
[45 ,46 ]

. In this context , we are going

to tell you our own recent progresses and the

chemical strategies that we have developed to

create molecular switches , molecular sensors ,

and integrated logic gates through photoinduced

electron , energy , and proton transfer

mechanisms.

311　Electron transfer
First of all , we would like to introduce our first observation of a new phenomenon of photocontrollable electron

transfer reaction in a donor2acceptor (D2A) dyad. Then we will move to show our interesting results of further

applications based on this finding for creating the integrated molecular logic gates. This discovery and the new

strategies for concatenation of complementary molecular components through electron transfer may not only add new

merits to the chemistry of photochromic spiropyrans but also find potential application in the construction of new

molecule2based devices.

31111　Discovery of a new phenomenon

To the best of our knowledge , there has been no report that deals with photoregulation of electron2transfer

reaction for the electron donor2acceptor (D2A) dyad with photochromic spiropyran as one of the units. This is

probably because both the closed form (SP) of spiropyan and the corresponding open form (MC) are weak electron

donors and they have similar oxidation potentials. It should be noted that the MC form is able to coordinate with

suitable metal ions and as a result the absorption spectrum of MC form is hypsochromically shifted , while the

corresponding SP form does not show this behavior
[47 , 48 ]

. Therefore , if the metal ions such as the ferric and the
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Fig13　Transformation of dyad TTF2SP under

the action of UV light and ferric ion　

ferrous ions , which show redox behaviors , are

used , it seems possible to alter their redox

potentials by light in the presence of photochromic

spiropyran. Keeping this idea in mind , a new dyad

containing an electroactive unit (tetrathiafulvalene ,

TTF) and a photochromic unit ( spiropyran , SP)

has been synthesized ( Fig13) .
[49 ]

Spectral studies

showed that the redox states of the TTF unit of dyad

in the presence of ferric ions were dependent on the

photoswitching process of the spiropyran unit upon

UV light irradiation. Electrochemical investigations

indicated that the oxidation potential of ferrous ion

was largely reduced after coordination with MC (the

open form of SP) . As a result , the electron2transfer

reaction from MC·Fe
2 +

to TTF
+·

, which act as electron donor and acceptor , respectively , is thermodynamically

favorable ( Fig13 ) . Therefore , the electron2transfer reaction between the TTF unit and ferric ion can be

photocontrolled in the presence of the SP unit . The present result shows the possibility to design new electron donor2
acceptor supramolecules containing spiropyran units to photoregulate the electron2transfer reaction in the applications

of molecular electronics.

31112　Intramolecular electron transfer

Fig14　The mechanism and strategy demonstration and the fluorescence spectrum

of logic control of the fluorescence of dyad 1

The first application is to introduce photochromic spiropyrans ( SP) into perylene diimide dye system ( PI) ,

because of its excellent electron2accepting ability as well as their excellent stability , high molar extinction coefficient

and fluorescence quantum yield ,
[50 ,51 ]

for the purpose of regulating the photoinduced intramolecular electron transfer

(PET) processes with multiple external stimulations.
[52 ]

The absorption spectrum of dyad 1 ( Fig14) indicated that

the absorption bands are obviously red2shifted by 21nm and 18nm respectively , compared to those of the reference at

λmax = 529nm and 494nm. Also , the electrochemical experiments showed that the first reduction potential was

significantly reduced and no distinct oxidation potential was observed for dyad 1. These results consistently suggest
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that the PI and SP units in dyad 1 are strongly coupled in the ground state probably due to their intimacy only

through one oxygen atom bridge. As a result , the fluorescence of PI unit is completely quenched.

However , we found that the cooperative actions of UV light and ferric ion can decouple the strong electronic

interaction between PI unit and SP units in the ground state , as indicated by the hypsochromical shifts of PI unit due

to the formation of ME·Fe3 + complex units. Further protonation of the N2methyl indole moiety of SP units can turn

off the PET processes from SP units to PI unit . Consequently , the fluorescence of PI unit can be restored (Fig14) .

Detailed experiments showed that simultaneous 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 not both. Therefore , it is not unexpected that the

fluorescence of PI unit of dyad 1 can be significantly enhanced only with the cooperative action of UV light , ferric

ion and proton (Fig14) . These behaviors of dyad 1 can be interpreted by a novel three2input“AND”logic gate.

The fluorescence spectrum and working mechanism are illustrated in Fig14.

31113　Intermolecular electron transfer

Besides intramolecular electron transfer , intermolecular electron transfer is another important pathway to

concatenate the environmental events for information communication in nature. In the research , it is also an

important method to build the complex communicating network through the concatenation between independent

components. For example ,
[53 ]

we demonstrated the first example of a substantial fluorescence change between two

communicating molecular switches via a reversible redox reaction. What is essential to understanding this

communication strategyis the low oxidation potential of complex MC·Fe
2 +

, which makes the electron transfer from

Scheme 2　Transformation patterns of the communicating

ensemble of two molecular switches　

MC·Fe2 + to Flu +· thermodynamically favorable.

Firstly , we showed a novel reversible redox

fluorescence switch based on fluorescein through

oxidation by Fe
3 +

and reduction by Na2 S2O3 .

Secondly , by taking advantage of intermolecular

electron transfer from MC ·Fe
2 +

to Flu
+·, we

demonstrated the reversible fluorescence modulation of

the ensemble of the fluorescence switch fluorescein and

the photochromic switch SP via the reversible

Fe ( Ⅱ)ΠFe ( Ⅲ) redox couple as shown in Scheme 2.

The communicating behavior of this ensemble

corresponds well to the function of an INHIBIT logic gate.

We also found[54 ] that the fluorescence of pyrene in THF was significantly quenched in the presence of

photochromic spiropyran , mainly due to intermolecular photoinduced electron transfer. However , the fluorescence of

the ensemble solution restored nearly to the initial value of the original solution of PY after the consecutive operations

of external inputs ( Fe ( ClO4 ) 3 and UV light ) . Such photo2controlled PET reaction is due to the formation of

MC·Fe
3 +

complex , leading to the modulation of electron2donating ability of SP. It is believed that such photo2
controlled PET process will find applications in the construction of molecular2based devices for information

communication and memory.

31114　Monomolecular half2adder

One of the great challenges in molecule2based devices is to fabricate highly complex integrated circuits at the

molecular level . Therefore , integration of relatively simple logic gates into high2level circuits (e. g. , half2adder) is

highly important not only for the potential application in molecular level devices but also for the understanding of

complex mechanisms of some important biological processes. In this regard , we demonstrate
[55 ]

for the first time a

novel kind of theoretical“monomolecular”half2adder based on multistateΠmultifunctional photochromic spiropyrans.
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Fig15　Intrinsic interconversion network of the four states

of SP1 and the corresponding physical electronic symbols

of the 22input logic half2adder circuit

　

Spiropyran molecule ( SP1 ) can be transformed to

MC1 , MC1·Fe
3 +

and SP1
+·( Fig15) , each of which

shows a characteristic absorption spectrum , under the

appropriate actions of I1 (UV light ) and I2 (ferric

ion) . The intrinsic network of the transformations

among the four states ( SP1 , MC1 , MC1·Fe
3 +

, and

SP1
+·) reveals the distinct and interesting properties.

The behaviors of the absorption changes at 420nm and

520nm correspond to those of an“AND”gate and an

“XOR” gate , respectively. Since the absorption

changes at both 420nm and 520nm are based on the

entity of a single molecule of spiropyran (e. g. , SP1)

and under the same external inputs , the AND and XOR

gates can be“operated”in parallel . Therefore , the

absorption spectral variations of the solution of

spiropyran in response to UV light irradiation and ferric

ion mimic the function of a“half2adder”that can

perform simple arithmetic addition (Fig15) .

312　Energy transfer
As shown in Scheme 1 , photochromic spiropyran can undergo reversible structural transformation among the

three states , accompanying the significant changes of the characteristic photochemical and photophysical properties

upon exposure to external inputs such as light , proton , and metal ions. The three states of spiropyran SP , MC , and

MCH show different absorption spectra , and thus it is possible to regulate the fluorescence intensity of a suitable

fluorophore by irradiation of the solution containing both spiropyran and the fluorescent molecule through

fluorescence resonance energy transfer ( FRET) . Indeed , Raymo and Moore , et . al . studied the“signal

communication”between aromatics or porphyrin and spiropyran , and proposed the corresponding integrated logic

gates and communication network. [44～46 , 56 ]

31211　Intramolecular energy transfer

Scheme 3　The reversible switching cycle for SP2Flu2SP under

the action of three external inputs :UV light ,visible light and proton

We notice that fluorescein (Flu) shows the emission in the range of 500～650nm , and hence the big overlap

between its fluorescence spectrum and the absorption spectrum of MC. There is almost no overlap between the

fluorescence spectrum of fluorescein and the

absorption spectra of SP and MCH. One

remarkable feature here is that fluorescein shows

strong absorption around 430nm , at which SP ,

MC , and MCH have very weak absorption. Thus ,

excitation of fluorescein at 430nm will perturb

none of the three states of spiropyran ( SP , ME ,

and MEH) . With these thoughts in mind , a new

dyad SP2Flu2SP
[57 ]

with two spiropyran units as

the photochromic acceptors and one fluorescein

unit as the fluorescent donor was synthesized and

characterized ( Scheme 3 ) . External inputs

( ultraviolet light , visible light , and proton )
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induce the reversible changes of the structure and , concomitantly , the absorption spectrum of SP2Flu2SP due to the

presence of two spiropyran units. Only the absorption spectrum of the MC form of the spiropyran units in this dyad

has large spectral overlap with the fluorescence spectrum of the fluorescein unit . Thus , the fluorescence intensity of

this dyad is modulated by reversible conversion among the three states of the photochromic spiropyran units and the

intramolecular fluorescence resonance energy transfer ( FRET) between the MC form and the fluorescein unit

(Scheme 3) . Based on the fact that SP2Flu2SP could“read out”three external input signals ( ultraviolet light ,

visible light and proton) and“write”a compatible specific output signal (fluorescence intensity) , this molecule

described here can be considered to perform an integrated circuit function with one OR and one AND interconnected

logic gates. These results demonstrate an efficient strategy for elaborating and transmitting information at the single

molecular level .

31212　Intermolecular Energy transfer

To our best knowledge , there is no report about reversible regulation of pyrene excimer fluorescence through

energy transfer due to the lack of the suitable chromophores as the energy acceptors. Although there is no obvious

spectral overlap between the excimer emission band of pyrene and the absorption band of MC , however , one smart

behavior of SP is that addition of suitable metal ions to the MC solution can cause the blue2shift of the absorption

spectrum , thus substantially increasing the spectral overlap between the excimer emission band of bis2pyrene and the

absorption band of the MC2Zn
2 +

complex. Consequently by taking advantage of the fact that suitable metal ions can

induce hypsochromic shift of the absorption spectrum of MC form , the efficient and reversible intermolecular energy

transfer (and mutual communication) was realized in solution containing spiropyan and bis2pyrene together with

metal ion (e. g. , Zn2 + or Mn2 + or Ce3 + ) under UV light irradiation for the first time (Scheme 4) .
[58 ] Based on this

result , a new molecular logic circuit containing one“AND”and one“NOT”logic gates is proposed. In addition ,

the present results also demonstrate that the extent of the excimer fluorescence quenching is dependent on what kind

of metal ions are used. Thus , the present system may be useful in construction of new metal ion sensors in the

future.

Scheme 4　Signal communication pattern between spiropyran and bis2pyrene

313　Proton transfer
Another remarkable feature of spiropyran is that the intrinsic interconversion among the three states (SP , MC

and MCH) accompanies the reversible uptake and release of protons upon UV and visible light irradiations as shown

in Scheme 11 If this reversible uptake and release of protons regulated by light based on spiropyran is combined with

other functional materials , whose properties are dependent on the level of protonation , the corresponding properties

of these materials can be reversible regulated. We fortunately found two smart examples : reversible regulation of the

conductivity of polyaniline[59 ] and reversible modulation of the fluorescence of pyrenemethylamine. [60 ]

The unique property of polyaniline is that its electrical conductivity depends not only on the level of oxidation

but also on the degree of protonation. The reversible interconversion of the“base form”and“salt form”can be

achieved by employing the principle of acidΠbase (dopingΠdedoping) chemistry enabling control over its electrical

conductivity (Fig16) . As a proof of principle ,
[58 ]

we first tested the possibility of photoinduced intermolecular proton
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transfer reaction between MC and polyaniline in solution. We found that absorption spectral studies didn’t indicate

the observable proton transfer between the salt form of polyaniline and SP before UV light irradiation but did show

proton transfer reaction from the“salt form”of polyaniline to the MC form after UV irradiation accompanied by the

disappearance of the characteristic absorption band of MC at around 580nm and the salient enhancement of the MCH

absorption band at around 420nm. Very similarly , the solid2state absorption spectra of SP2doped polyaniline thin

films indicated the gradual proton transfer reaction from the“salt form”of polyaniline to the MC form during UV

irradiation and prolonged visible2light irradiation could nearly restore their original absorption spectra , indicating the

reversibility of proton transfer reaction between them ( Fig16) . As a result , the electrical conductivity of the thin2
film of SP2doped polyaniline can be reversibly controlled by UV and visible lights (Fig16) . This is the first example

of reversible regulation of the electrical conductivity of thin2films of SP2doped electro2active materials by light

irradiation. Such conducting materials based on SP2doped polyaniline may find potential application in the field of

information recording and processing in the nondestructive manner. To improve the reversibility , recently we also

reported another interesting example of reversible photoswitching behaviors of the conductance of isolated

semiconducting single2walled carbon nanotube transistors through the combination of microfabrication and

noncovalent self assembly. [60 ]

Fig16　Illustration of the photoinduced proton transfer between a three2state molecular switch based on SP

and the conducting polyaniline and demonstration of the reversible modulation of the conductivity of their thin films

The second interesting example is that the fluorescence of pyrenemethylamine hydrochloride can be reversibly

modulated by light in the presence of spiropyran. [60 ] The key point here is that the reversible interconversion between

pyrenemethylamine and protonated pyrenemethylamine is accompanied by the change of fluorescence intensity due to

the quenching effect of photoinduced electron transfer , constituting the basis for a proton2dependent fluorescence

switch. The interconversion of SP among three states induced by ultraviolet light , visible light , and proton inputs

can efficiently controls the level of protonation of pyrenemethylamine and thus demonstrate the signal communication

between two molecular switches through proton transfer bridge.

4　A ne w photochromic spiropyran molecule

As described above , by fully utilizing these different properties of spiropyran , molecular systems related to

spiropyran have been developed to mimic the functions of several molecular switches , molecular sensors , integrated

logic gates and moreover communication networks. However , the application of spiropyran in these areas is still

hindered by the fact that its open merocyanine form (MC in Scheme 1) is thermally unstable. Thus , stabilization

and clear elucidation of their real meta2stable structure are one of the crucial topics in this context . In this regard ,

a new spiropyran SP2 with the stable merocyanine form both in solution and in the solid state at room temperature
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was designed and synthesized.
[61 ]

The design principle is to introduce the strong electron2withdrawing groups into the

proper positions of the molecule.
1
H NMR spectra indicate that the ratio of the open form vs the closed form of SP2

is dependent on the polarity of solvents. Figure 7 indicates the molecular crystal structure of the stable merocyanine

form with s2trans , s2cis conformation. It should be noted that this is the first report of the X2ray crystal structure of

the pure open form of spiropyran. The stability of MC2 is believed to be due to the electron2withdrawing effect of

both the quinoline and the trifluoromethyl groups. The spectral properties of SP2ΠMC2 in the presence of different

metal ions are also studied , and the results show the potential application of SP2ΠMC2 in sensing metal ions.

Fig17　Molecular crystal structure of MC2 with s2trans , s2cis conformation
　

5　Summary and perspectives

In summaries , this minireview details the design , development , and demonstration of chemical strategies that

allow us to create molecular level devices and implement digital processing and communication. The design principle

here is to integrate two informationally rich but relatively simple nanobuilding blocks with their complements through

photoinduced electron transfer , redox processes , conformational changes , photoinduced energy and proton transfer ,

and supramolecular events into functional molecular devices. On the one hand , a series of D2A2D supramolecules

and [ 2 ] rotaxanes based on TTF with the different linkages were synthesized. Transient absorptionΠfluorescence

spectra indicated the correlation of the life2time of the charge separated states of D2A2D with the linkages and STM

investigations of rotaxane2based thin films showed the new phenomenon of conformation2related reversible , stable

nanorecording for future high2density information storage. On the other hand , photochromic spiropyran (SP) was

used to modulate the absorption , fluorescence , and conductive properties of its supramolecular ensembles by light

and chemical reagents. Based on the spectral and electrochemical behaviors of these ensembles , a whole bunch of

novel molecular switches , logic gates , and molecular circuits were constructed through photoinduced electron ,

energy and proton transfer reactions. At last , a new fluorescent spiropyran with the stable merocyanine form both in

solution and in the solid state at room temperature was presented and showed s2trans , s2cis conformation in single

crystals.

These researches cover the broad fields of chemical and materials science including molecular electronics

(molecular switches , molecular sensors , logic gates , molecular computing , and so on) , dye chemistry and

photochemistry , not only broadening and enriching the chemistry of tetrathiafulvalene and photochromic spiropyran ,

but also providing some insights into molecular level optoelectronic devices. However , at the present stage our

studies still remain the rudimentary examples , but encouraged us to continue our efforts in this area. In the future ,

practical applications in electronics and photonics might emerge only after considerable fundamental studies on

various aspects of this research area. One of the major challenges is in great need of more prototypes and strategies

of integrating isolated molecular switches to chemical networks , ensuring the fast information processing and

transportation. Another major challenges is the demonstration of methods to incorporate these functional molecules

into solid2state devices while maintaining their signal transduction abilities. Also the construction of nano2electronic
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circuits and all2optical networks from molecular components is needed to lead the development of a new generation of

digital devices for information technology. So , we have many opportunities at the bottom of molecules in this

burgeoning field.

References
[ 1 ]　Robertson J . Growth of nanotubes for electronics. Materials Today , 2007 , 10 (1～2) : 36～43

[ 2 ]　Thompson SE , Parthasarathy S. Moore’s law : the future of Si microelectronics. Materials Today , 2006 , 9 (6) : 20～25

[ 3 ]　Grobert N. Carbon nanotubes———becoming clean. Materials Today , 2007 , 10 (1 - 2) : 28～35

[ 4 ]　Tour JM. Molecular electronics ,synthesis and testing of components. Acc Chem Res , 2000 , 33 (11) : 791～804

[ 5 ]　Flood AH , Stoddart JF , Steuerman DW , et al . Chemistry , Whence molecular electronics ? Science , 2004 , 306 (5704) : 2055～2056

[ 6 ]　Heath JR , Ratner MA. Molecular electronics. Physics Today , 2003 , 56 (5) : 43～49

[ 7 ]　Ramachandran GK, Hopson TJ , Rawlett AM , et al . A bond2fluctuation mechanism for stochastic switching in wired molecules. Science , 2003 ,

300 (5624) : 1413～1416

[ 8 ]　Metzger RM. Molecular electronics Ⅲ. Annals of the New York Academy of Sciences , 2003 , 1006 : 252～276

[ 9 ]　Nitzan A , Ratner MA. Electron transport in molecular wire junctions. Science , 2003 , 300 (5624) : 1384～1389

[10 ]　Special issue on“Optical networking”. Bell Labs Tech J , 1999 , 4 (1) : 3

[11 ]　Kahn JM , Ho KP. Communications technology : A bottleneck for optical fibres. Nature , 2001 , 411 : 1007～1081

[12 ]　Mitra PP , Stark JB. Nonlinear limits to the information capacity of optical fibre communications. Nature , 2001 , 411 : 1027～1030

[13 ]　Thylen L , Karlsson G, Nilsson O. Switching technologies for future guided wave optical networks : Potentials and limitations of photonics and

electronics. IEEE Commun Mag , 1996 , 34 (2) : 106～113

[14 ]　Jackman NA , Patel SH , Mikkelsen BP , et al . Optical cross connects for optical networking. Bell Labs Tech J , 1999 , 4 (1) : 262～281

[15 ]　Veeraraghavan M , Karri R , Moors T , et al . Architectures and protocols that enable new applications on optical networks. IEEE Commun Mag ,

2001 , 39 (3) : 118～127

[16 ]　Zhang G, Zhang D , Guo X , et al . A new redox2fluorescence switch based on a triad with tetrathiafulvalene and anthracene units. Org Lett , 2004 ,

6 (8) : 1209～1212

[17 ]　Zhou Y, Zhang D , Zhang Y, et al . Tuning the CD spectrum and optical rotation value of a new binaphthalene molecule with two spiropyran units :

mimicking the function of a molecular“AND”logic gate and a new chiral molecular switch. J Org Chem , 2005 , 70 (16) : 6164～6170

[18 ]　Zhou Y, Zhang D , Zhu L , et al . Binaphthalene molecules with tetrathiafulvalene units : CD spectrum modulation and new chiral molecular switches

by reversible oxidation and reduction of tetrathiafulvalene units. J Org Chem , 2006 , 71 (5) : 2123～2130

[19 ]　Wang C , Zhang D , Zhu D. A low2molecular2mass gelator with an electroactive tetrathiafulvalene group : tuning the gel formation by charge2transfer

interaction and oxidation. J Am Chem Soc , 2005 , 127 (47) : 16372～16373

[20 ]　Wu H , Zhang D , Su L , et al . Intramolecular electron transfer within the substituted tetrathiafulvalene2quinone dyads : facilitated by metal ion and

photomodulation in the presence of spiropyran. J Am Chem Soc , 2007 , 129 (21) : 6839～6846

[21 ]　Wang H , Zhang D , Guo X , et al . Tuning the fluorescence of 12imino nitroxide pyrene with two chemical inputs : mimicking the performance of an

“AND”gate. Chem Commun , 2004 , 6 : 670～671

[22 ]　Williams JM , Ferraro JR , Thorn RJ , et al . Organic superconductors (including fullerenes) synthesis , structure , properties and theory. 1992. 11～

64

[23 ]　Collier PC , Mattersteig G, Wong EW , et al . A [2 ]catenane2based solid state electronically reconfigurable switch. Science , 2000 , 289 : 1172～

1175

[24 ]　Jeppesen JO , Perkins J , Becher J , et al . Slow shuttling in an amphiphilic bistable. Angew Chem Int Ed , 2001 , 40 : 1216～1221

[25 ]　Asakawa M , Ashton PR , Balzani V , et al . A chemically and electrochemically switchable [ 2 ] catenane incorporating a tetrathiafulvalene unit .

Angew Chem Int Ed , 1998 , 37 : 333～337

[26 ]　Jia CY, Zhang DQ , Xu W , et al . A new approach to 42alkylthio21 ,32dithiole222thione : an unusual reaction of a zinc complex of 1 ,32dithole222

thione24 ,52dithiolate. Org Lett , 2001 , 3 : 1941～1944

[27 ]　Jia CY, Zhang DQ , Guo XF , et al . Facile syntheses of 42(22cyanoethylthio)21 ,32dithiole222thione and new electron donors with two TTF units and

compounds with bis(1 ,32dithiole222thione) groups. Synthesis , 2002 , 2177～2182

[28 ]　Zou L , Xu W , Shao XF , et al . Novel electron donors containing multi2TTF units : synthesis and electrochemical properties. Org Biomol Chem ,

2003 , 1 : 2157～2159

[29 ]　Segura JL , Martin N. New concepts in tetrathiafulvalene chemistry. Angew Chem Int Ed , 2001 , 40 : 1372～1409

[30 ]　Guo X , Zhang D , Zhang H , et al . Donor2acceptor2donor triads incorporating tetrathiafulvalene and perylene diimide units : synthesis ,

034 中国科学院研究生院学报 第 25卷



electrochemical and spectroscopic studies. Tetrahedron , 2003 , 59 : 4843～4850

[31 ]　Guo X , Zhang D , Xu W , et al . Synthesis and properties of donor2acceptor2donor triads containing tetrathiafulvalene and naphthalene diimide

units. Synth Met , 2003 , 137 : 981～982

[32 ]　Guo X , Gan Z , Luo H , et al . Photoinduced electron2transfer processes of tetrathiafulvalene2( spacer )2( naphthalenediimide )2( spacer )2

tertrathiafulvalene triads in solution. J Phys Chem A , 2003 , 107 : 9747～9759

[33 ]　Guo X , Zhang D , Zhang G, et al . Fluorescence modulation for the multimolecular communicating ensembles with light and ferric ion : photocontrol

of the intermolecular photoinduced electron transfer. Chem Phys Lett , 2004 , 398 : 93～97

[34 ]　Balzani V , Credi A , Venturi M. Molecular devices and machines———A journey into the nanoworld. Wiley2VCH:Weinheim , Germany ,2003

[35 ]　AricóF , Badjic JD , Cantrill SJ , et al . Templated synthesis of interlocked molecules , in templates in chemistry. Top Curr Chem , 2005 , 249 : 203

～259

[36 ]　Guo X , Zhou Y, Feng M , et al . Tetrathiafulvalene2 , 1 ,52dioxynaphthalene2 , and cyclobis (paraquat2 p2phenylene) 2based [ 2 ] rotaxanes with

cyclohexyl and alkyl chains as the spacers : synthesis , LB Films and electrical bistability. Adv Funct Mater , 2007 , 17 : 763～769

[37 ]　Feng M , Gao L , Deng Z , et al . Reversible , erasable , and rewritable nanorecording on an H2 rotaxane thin film. J Am Chem Soc , 2007 , 129 :

2204～2205

[38 ]　Feng M , Guo X , Lin X , et al . Stable , reproducible nanorecording on rotaxane thin film. J Am Chem Soc , 2005 , 127 : 15338～15339

[39 ]　Feng M , Gao L , Du S , et al . Observation of structural and conductance transition of rotaxane molecules at a submolecular scale. Adv Funct

Mater , 2007 , 17 : 770～776

[40 ]　Feringa BL. Molecular switches. Wiley2VCH ? New York , 2001

[41 ]　Irie M. Diarylethenes for memories and switches. Chem Rev , 2000 , 100 : 1685～1716

[42 ]　Berkovic G, Krongauz V , Weiss V. Spiropyrans and spirooxazines for memories and switches. Chem Rev , 2000 , 100 : 1741～1754

[43 ]　Kawata S , Kawata Y. Three2dimensional optical data storage using photochromic materials. Chem Rev , 2000 , 100 : 1777～1788

[44 ]　Raymo FM. Digital processing and communication with molecular switches. Adv Mater , 2002 , 14 : 401～414

[45 ]　Raymo FM , Giordani S. All2optical processing with molecular switches. Proc Natl Acad Sci USA , 2002 , 99 : 4941～4944

[46 ]　Raymo FM , Alvarado RJ , Giordani S , et al . Memory effects based on intermolecular photoinduced proton transfer. J Am Chem Soc , 2003 , 125 :

2361～2364

[47 ]　Wojtyk JTC , Buncel E , Kazmaier PM. Effects of metal ion complexation on the spiropyran2merocyanine interconversion : development of a thermally

stable photo2switch. Chem Commun ,1998 , 1703～1704

[48 ]　Wojtyk JTC , Kazmaier PM , Buncel E. Modulation of the spiropyran2serocyanine reversion via metal2ion selective complexation : trapping of the

“transient”cis2merocyanine. Chem Mater , 2001 , 13 : 2547～2554

[49 ]　Guo X , Zhang D , Zhu D. Photocontrolled electron transfer reaction between a New Dyad , tetrathiafulvalene2photochromic spiropyran , and ferric

ion. J Phys Chem B , 2004 , 108 : 212～217

[50 ]　Serin JM , Brousmiche DW , Fréchet JMJ . A FRET based UV to IR frequency converter. J Am Chem Soc , 2002 , 124 : 11848～11849

[51 ]　O’Neil MP , Niemczyk MP , Svec WA , et al . Picosecond optical switching based on biphotonic excitation of an electron donor2acceptor2donor

molecule. Science , 1992 , 257 : 63～65

[52 ]　Guo X , Zhang D , Zhu D. Logic control of the fluorescence of a new dyad : spiropyran2perylene diimide2spiropyran with light , ferric ion and proton :

construction of a new three2input“AND”logic gate. Adv Mater , 2004 , 16 : 125～130

[53 ]　Guo X , Zhang D , Tao H , et al . Concatenation of two molecular switches via a Fe (Ⅱ)ΠFe (Ⅲ) couple. Org Lett , 2004 , 6 : 2491～2494

[54 ]　Guo X , Zhang D , Zhang G, et al . Fluorescence modulation for the multimolecular communicating ensembles with light and ferric ion : photocontrol

of the intermolecular photoinduced electron transfer. Chem Phys Lett , 2004 , 398 :93～97

[55 ]　Guo X , Zhang D , Zhang G, et al .‘Mono2 molecular’logic : half adder based on multistateΠmultifunctional spiropyrans. J Phys Chem B , 2004 ,

108 : 11942～11945

[56 ]　Bahr JL , Kodis G, de la Garza L , et al . Photoswitched singlet energy transfer in a porphyrin2spiropyran dyad. J Am Chem Soc , 2001 , 123 : 7124

～7133

[57 ]　Guo X , Zhang D , Zhou Y, et al . Synthesis and spectral investigations of a new dyad with spiropyran and fluorescein units : toward information

processing at the single molecular level . J Org Chem , 2003 , 68 : 5681～5687

[58 ]　Guo X , Zhang D , Wang T , et al . Reversible regulation of pyrene excimer emission by light and metal ions in the presence of photochromic

spiropyran : toward creation of a new molecular logic circuit . Chem Commun , 2003 , 914～915

[59 ]　Guo X , Zhang D , Yu G, et al . Reversible photoregulation of the electrical conductivity of the spiropyran2doped polyaniline for information

recording and nondestructive processing. Adv Mate , 2004 , 16 : 636～640

[60 ]　Guo X , Zhang D , Zhou Y, et al . Reversible modulation of the fluorescence of pyrenemethylamine hydrochloride by light in the presence of

spiropyran : signal communication between two molecular switches through proton transfer. Chem Phys Lett , 2003 , 375 :484～489

134　第 3期 GUO Xue2Feng , et al :Minireview : molecular level devices based on electroactive tetrathiafulvalene⋯ 　　 　



[61 ]　Guo X , Zhou Y, Zhang D , et al . 72Trifluoromethylquinoline2functionalized luminescent photochromic spiropyran with the stable merocyanine

species both in solution and in the solid state. J Org Chem , 2004 , 69 : 8924～8931

功能分子设计合成及原理性的分子尺寸器件研究

郭雪峰1 ,2 　张德清1 　朱道本1

(1 中国科学院化学研究所分子科学中心 ,北京 100080 ;2 中国科学院研究生院 , 北京 100049)

摘　要　详细综述了一些用于制备分子尺寸器件的化学策略的设计、发展和演示.其设计思想是通过各

式各样的光诱导的电子、能量和质子转移机理 ,氧化还原反应 ,构象变化以及超分子原理 ,分别将 2个信

息量丰富而结构又比较简单的四硫富瓦烯和光致变色的螺吡喃分子 ,与它们性质互补的不同组分集成

在一起来构建功能分子器件 ,用于完成快速的数字处理和传输.首先凭借四硫富瓦烯丰富的电化学性

质 ,大量的 D2A2D超分子和环轴烃分子已经被设计并成功合成.时间分辨的吸收和荧光光谱研究表明 ,

这些 D2A2D超分子发生分子内的光诱导的电子转移反应的能力 ,可以通过不同的桥联基团进行有效调

控. STM研究则首次发现并开辟了环轴烃分子在纳米记录和高密度信息储存方面的应用研究.同时 ,也

详细描述了如何充分利用光致变色的螺吡喃分子独特的电子、能量和质子转移能力去设计超分子组合 ,

并通过光和适当的化学试剂来控制这些组合的吸收、荧光和导电性质的方法.根据这些组合的光谱和电

化学行为 ,构建了一系列新型的分子开关、逻辑门和分子回路.最后 ,展示了用于设计合成新类型开环结

构稳定的荧光螺吡喃分子的独特见解.

关键词　分子器件 ,四硫富瓦烯 , 螺吡喃 ,逻辑回路
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