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1 Inttvduction 

The last decades of the twentieth century can be characterized as a period in which 

the use of computers for information storage has impinged on all parts of society. The 

continuously increasing amount of data to be stored and manipulated has generated the 

need for high speed computers and large storage capacities. One of the most important 

challenges in this field is the development of materials and techniques to place as much 

data as possible on the least amount of material. The ultimate goal would be to achieve 

information storage at the molecular or even at the atomic level,’ whereas processing of 

data should occur at close to the speed of light by the use of all optical switching devices. 

Digital optical data storage is a promising method, where recording of information is 

carried out by the use of light.* The best known example of optical recording used in a 

practical device is the compact disk, designed for the distribution of pre-recorded 

information. In recent years developments in optical recording technology have led to the 

commercial availability of write-once optical disks. In these systems it is possible for the 

user to place his own selected data on a disk, which can be read almost indefinitely. A 

typical field of application for these memory devices is the archiving of data. The driving 

forces behind these developments have been the considerable advantages of optical 

recording compared with other storage techniques like magnetic recording; together with 

the production of relatively cheap and mass-produced lasers. Important advantages are, 

for example: (i) the read-out of data is performed by a laser focused on the storage layer, 

providing a non-contact technique insensitive to dust particles and tine scratches and, (ii) 

the possibility of achieving high storage capacities. 

Although read-only and write-once optical disks are available, there is a need for 

truly reversible optical recording media with the opportunity to read, write, erase and 

rewrite again. An even better technique is the so called direct-overwrite procedure, 

without the time consuming erasing step. The development of these technologies has 

become of prime importance in industry in recent years, probably due to the enormous 

commercial success of the compact disk. The most widely investigated materials at 
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present, for these purposes, are based on alloys of rare earth elements and transition 

metals as the recording substrate thereby combining the magnetic and optical recording 

techniques3 Although some problems still remain to be solved, it is expected that these 

magneto-optical recording media will replace the currently dominant mass-memories 

based on magnet technology in the nearby future.4 

Future developments will aim at further increasing the rates of data storage and 

storage densities, for example by applying frequency doubled lasers, all optical 

writing/reading systems, and other materials. The role of organic materials in this field 

has become increasingly important with main emphasis on dyes and polymers as 

photoactive components.* The potential of organic molecular devices in the field of 

nanotechnology can hardly be exaggerated. This development is further stimulated by the 

notion that a large increase in information storage, theoretically to the molecular level, 

might be obtained. 

2 Organic Materials 

During recent years the design and synthesis of organic compounds for applications 

as materials has been a field of enormous growth.’ Organic molecules are now widely 

accepted as useful synthetic building blocks in non-linear optic~,~ liquid crystals in 

modem displays,’ organic (super) conductors8 and ferromagnets,8bv9 optical sensorslo 

and supramolecular structures, which are ordered molecular assemblies based on 

molecular recognition and self-organization,” although inorganic solids still provide 

most of the materials for optical, electrical, magnetic and mechanical applications.‘* 

Limitations in the scope, synthetic variations and predictability of the desired properties 

of inorganic solids, for example, has led to a large increase in research activities towards 

the development of future organic materials.13 

Some typical features of organic materials are: the ease of fabrication, the possibility 

to shape organic compounds into the desired structures by molecular engineering, the 

introduction and tine tuning of a large variety of physical properties by small changes in 

the molecular structure and the construction and characterization of simple isolated 

systems, which can provide solutions for fundamental problems. Disadvantages associated 

with stability and reliability of organic materials might be solved by structural changes. 

Various techniques to overcome the inferior material properties of organic crystals have 

been developed.“915~‘7 

Besides crystal engineering, I4 the necessary ordering of organic molecules into 

larger macroscopic structures can be obtained by Langmuir-Blodgett techniques,t5 the 

aggregation of surfactant molecules into micelles and vesicles,16 doping in polymer 
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matrices, or by self-assembly through molecular recognition processes.11~17 The 

flexibility in the synthetic pathways allows the introduction of functional groups for 

attachment or incorporation into polymers thereby often drastically improving the material 

properties. The typical properties of polymers like ease of processibility, mechanical 

strength, long-term stability etc. combined with the above mentioned advantages of 

organic molecules will be the basis for a whole new range of molecular devices.‘* 

3 MolecuZur Switches 

The demand for high storage densities, high switching rates, all optical switching 

devices and miniaturization in future technology and the rapidly growing knowledge about 

the construction of structurally ordered organic materials have largely stimulated the 

search for organic molecules suited for applications in switching devices. The synthesis of 

molecular switches and molecular storage elements can give answers to fundamental 

questions on the level of molecular and nanoscale dimensions, and leads to further 

developments of model concepts with respect to possible modes of operation of molecular 

memories. 

The basic requirement for a switch is bistability, i.e. the occurrence of two different 

forms of a molecule, which can be interconverted by means of an external source. Any 

material or device that has two stable states which can be reversibly switched from one 

state to another and which states at any instant can be identified, can in principle be used 

as a memory element in a digital computer using binary logic. This is illustrated 

schematically in Figure 1. A and B represent the two different forms of a bistable system, 

whereby S1 and S, refer to different stimuli to effect the reversible switching behaviour. 

Figure 1 
A+B 

The bistability might be based on various properties of molecules like electron 

transfer, isomer&ions, differences in complexation behaviour and photocyclixations, 

whereas light, heat, pressure, magnetic or electric fields, chemical reactions etc. can be 

used to achieve the change in the bistable state.19 

Photoreversible compounds, where the reversible switching process is based on 

photochemically induced interconversions, play an important role in this extended field. 

Photochromism, which is deiined as the reversible change, induced by light irradiation, 

between two states of a molecule having different absorption spectra, can be the basis for 

a molecular switch.*’ 



Materials for reversible optical data storage 8271 

Although the inevitable condition of bistability is fulfilled by photochromic behaviour, 

the molecules must cope with many other necessary demands to be suitable for a practical 

device. Apart from economical, environmental and technical restrictions,2**u the most 

important requirements for the use of photochromic compounds as molecular switches 

are: 

photochemical switching between the two forms should be possible. 

no thermal interconversion of the isomers should occur in a large temperature 

range (e.g. -20 - 80 “C), allowing storage of information almost infinitely. 

the isomers should be fatigue resistant, with the possibility to perform the 

write/erase cycle many times, and no thermal or photochemical degradation to any 

side products should occur. 

both forms should be readily detectable. 

a non-destructive read-out procedure should be available; this read-out method 

should not interfere with or erase the written data. 

high quantum yields should be achieved, allowing an efficient switching process 

and avoiding the necessity of long irradiation times. 

fast response times should be reached, leading to fast switching cycles. 

retention of all the properties is necessary when the switchable compound 

becomes part of a macromolecular structure. 

In general, the development of a molecular switching or optical data storage device 

will first of all involve the design and synthesis of molecules which possess the 

aforementioned properties, followed by incorporating these compounds into supra- 

molecular assemblies, in order to obtain ordered molecular systems.23 

From the many photochromic compounds proposed as being applicable for an optical 

data storage system or a molecular device,24 only a few come close to meeting all these 

requirements. Typical examples of reversible photochromic processes are cis-harts 

isomerizations or photocyclization reactions. Although the initially developed molecules, 

in which the bistability is based on these processes, were far from being appropriate for a 

practical device due to severe shortcomings, recent improvements have brought much 

closer the practical realization of a molecular switching device based on organic 

molecules, as will be illustrated in the following paragraphs. The basic principles of 

several types of photochromic compounds, including the feasibility of these molecules to 

act as molecular switches, will be discussed. These examples will also demonstrate how 

molecular engineering can improve the properties drastically and will emphasize the 

strength of Langmuir-Blodgett techniques and/or polymeric matrices to obtain stable 

materials. 
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34a M c/s 34b Ptrans 

68%Mcis 3OOnm 64 96 M-cis 
32 % P-tram TEEG 36 96 P-tfans 

Scheme 18 

The photostationary state can be shifted using different wavelengths. Detection of the 

various photostationary states, i.e. different M-cis/P-trans ratios was achieved by ORD or 

CD measurements. The feasibility of the chiroptical switch based on 34 is shown in 

Figure 11. Alternated irradiation at 250 and 300 nm resulted in a modulated CD signal at 

232 or 262 nm in the example shown. The switching process could be repeated at least 10 

times without notable racemization or changes in UV or CD ~pectra.~*~ It is expected 

that the photoisomerization process will strictly depend upon the matrix employed, i.e. 34 

physically or covalently attached to polymers. 

45 

30 

1s 

0 

A. 

Figure I1 Plot of Ae vs irradiation rime (II h = 232 nm (upper curve) and A = 262 nm (lower CIUVC) 

for 34a 0 34b irradiated alternately al h = 250 mn and A = 300 am; switching time 3 s. 
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Important problems that remain to be solved are improved thermal stability, increased 

fatigue resistance and structural modifications to achieve switching with visible light. 

Two major improvements were recently realized using enantiomerically pure 12-(2’- 

methyl-9’H-thioxanthene-9’-ylidene)-l2H-benxo[u]thioxanthene (35), which showed a 

stereospecific photochemical und thermal isomerization of the M-cis into the P-trans 

isomer (and vice versa) with a large thermal isomerixation barrier (AGt = 28.6 kcalmol- 

‘).12* Besides high thermal stability, it should be noted that no permanent damage will 

be inflicted in switches based on 35, in case thermal isomerixation should occur, since 

heat and light induce the same process. 

35a Mcis 35b Ptrans 

Scheme 19 

8 Molecular Electronics 

8.1 Intmductim 

The photochromism described in the preceding sections involved changes of chemical 

bonds such as cis-tram isomerixation or heterolytic bond cleavage. These processes can 

be a limiting factor to achieve fast-response times and the isomerixation reactions can be 

accompanied by unwanted side reactions. A very high speed memory could be based on 

the photoinduced transfer of a single electron, without the occurrence of other, more 

complex, rearrangements. 

Investigations towards the development of molecular switches based on electron 

transfer are also stimulated by related research efforts, which wncentrate on reducing the 

dimensions of the currently used macroscopic electronic devices, such as transistors and 

rectiflers.129 The term “molecular electronics” has been introduced and these studies 

intend to achieve signal processing on the molecular scale and the construction of devices 

which approach the size of individual molecules.130*131 Because of the various 

problems associated with addressing single molecules,23*132 it seems more appropriate 
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to use organized molecular aggregates as electronic components for this type of 

nanotechnology, i.e. the development of supmmolecular electronic devices.” In order to 

function as real electronic circuitry such a molecular entity should be connected in some 

way to other elements of the molecular electronic device. Therefore, the development of a 

(supra)molecular device will involve the design and synthesis of molecules which possess 

the required properties, followed by incorporation of these compounds into well-defined 

supramolecular architectures, and finally connection of these basic units to other 

components. The availability of working supramolecular electro-optical devices might 

eventually lead to the construction of a “molecular computer”, in which the various parts 

consist of units with the sire reduced to the (supra)molecular scale. Although the 

principles of molecular switches (see Sections l-7 of this article), rectiflers,133 

transistors134 and even molecular wires” have been demonstrated, the actual realization 

of a molecular computer can still be considered as a dream of the future. 135~136 

In the following sections the electron transfer in viologens and donor-u-acceptor 

molecules will be discussed as well as their potential to function as molecular switches. In 

Section 9, a fascinating example of a “molecular shuttle”, obtained by self-assembling of 

organic compounds, is described. 

8.2 Viologens 

Photochromism based on a single electron transfer, via the excited state of an ion-pair 

charge transfer complex between the 4,4’-bipyridinium ion 36a and tetrakis[3,5- 

bis(trifluoromethyl)phenyl]borate (TFPB-) (37) in the solid state and in solution, has been 

described by Nagamura and co-workers. 13’,13* Irradiation of this salt at the CT 

absorption band (X > 365 nm) generated new absorptions in the visible region with main 

peaks at 396 and 605 nm, observed by a colour change from pale yellow to blue. These 

peaks are characteristic of a 4,4’-bipyridinium radical cation 36b (Scheme 20) and this 

radical formation was confirmed by the observation of a broad singlet e.s.r spectrum. 

Scheme 20 
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The generation and reverse reaction of these radical cations could be repeated for 

more than ten cycles by irradiation at room temperature and then heating at 60-80 “C to 

induce the reverse thermal process. This reverse reaction was described as very rapid, but 

no quantitative data were given. These viologens also showed electrochromism, which is 

the property to change colour reversibly in response to an applied external electric 

field. 139 

Important drawbacks of this system are: (i) sensitivity towards oxygen, which 

destroys the radical formed, and (ii) the limited life-time of the radical cation. The life- 

time could be drastically improved by the use of monolayers obtained by Langmuir- 

Blodgett techniques14’ (recovery of the starting charge transfer complex after 4 h) or 

with a 4,4’-pyridinium salt incorporated in the polymer main chain,141 with a decay 

time of about 72 h at 20 “C. At elevated temperatures the life-time of the radical cation 

was strongly reduced and the authors proposed a high speed and high density data storage 

system, where information can be written (X > 365 nm), read by a diode laser and 

erased thermally. 14t The irradiation experiments in polymer films had to be conducted in 

vacua to avoid the previously mentioned destructive effect of traces of oxygen. No data 

have been reported so far on the rate of colouration so far which would provide an exact 

value for the high speed electron transfer, that might be expected. 

8.3 Donor-a-Acceptor Molecules 

In their theoretical studies, Aviram and Ratner have proposed that compounds 

consisting of a donor and acceptor group connected via a non-conjugated bridging moiety 

might function as a molecular diode.‘29*130 The basic requirement for a diode is that 

movement of electrons in one direction should be much faster than in the opposite 

direction, which would allow the processing of electronic signals. A molecular diode 

should be obtained by rapid charge separation, upon photoexcitation of the molecule by a 

laser pulse, via electron transfer from the donor to the acceptor group (Figure 12). The 

recombination of the charges is prevented due to the non-conjugated bridging group and 

can only occur via tunneling processes.r30 

Verhoeven and co-workers have demonstrated rapid photoinduced intramolecular 

electron transfer in molecules with a 1,4-dimethoxy-naphthalene group as the 

photoexcitable electron donor and a dicyanoethylene group as the electron acceptor, 

interconnected by a rigid bridge (38, Figure 12). 14* The charge separation between the 

donor and acceptor, interconnected via 12 u-bonds (corresponding to a distance of ISA), 

occurred in 1.4 10e9 s. 
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D-bridge-A __L &bridge--A 

Figure 12 

This remarkably fast long-range intramolecular process was ascribed to through-bond 

electron transfer, although u-bonds are normally considered as insulating. The 

recombination of the two charges proved to be a much slower process and a life-time of 

0.7 10d s was measured for the charge-separated species.143~144 The detection of the 

two states can be performed by non-destructive methods, because the presence of two 

opposite charges within a single molecule changes the conductivity of the medium 

containing the compound. Further developments of this system in order to function as a 

molecular switch or a molecular diode will depend on the possibility to increase the life- 

time of the charged dipolar molecule. 

A significant increase of the stability of the dipolar state might be obtained by a 

conformational change, which can accompany the intramolecular electron transfer, as 

been observed for compounds with a less-rigid bridge.145*146 An example of 

type of molecule is shown in Figure 13. 

has 

this 

CN 

A D, D2 

39 

ground-state excited slate ion pair extendad ion pair folded km pair 

Figure 13 
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Compound 39 contains a cyanonaphthyl moiety as the electron acceptor (A) and two 

arrayed donor units, namely a piperaxine (II,) and a methoxyphenyl &) group and is 

sufficiently rigid to exist in an extended conformation in the neutral ground state. 

Upon photoexcitation charge separation occurs to give an ion pair, followed by further 

conversion to an extended ion pair (see Figure 13). The electrostatic interaction between 

these opposite charges pulls the ends together and leads to a folding of the molecule in a 

period of 10m9 s. This conformational change, which was predicted from geometry- 

optimized semi-empirical calculations, was confirmed by NMR studies, time-resolved 

fluorescence and conductivity measurements. 14’ 

The prerequisites for the occurrence of this “harpooning” process are: (i) the use of a 

nonpolar solvent (n-hexane), where the solvent stabilization of the species in the charge- 

transfer state is only small, (ii) a strong D-A couple which provides a driving force large 

enough to enable long-range charge separation even in nonpolar solvents, and (iii) the 

presence of a molecular framework which is rigid enough to establish a well-defined 

stretched ground-state conformation, but sufficiently flexible to allow folding under the 

electrostatic force. 

Important factors which will influence the life-time of the folded charged state are the 

favourable electrostatic interaction between the two ends of the molecule and the 

“elasticity” of the bridging group, which can be the driving force for the renewed 

formation of the extended ion pair, but unfortunately no data for the reverse process have 

so far been reported. Although the principle of a molecular switch between the neutral 

and a charged folded species has been demonstrated, further elaboration is necessary to 

establish the potential of this system to operate as a molecular electronic device.t4’ 

9 “Molecular Meccano” 

Self-assembly and self-organization of organic molecules has been recognized as an 

important chemical approach to incorporate molecular-sire fragments into macroscopic 

arrays in a highly controlled and precise manner.11P’48 The future perspectives to apply 

supramolecular chemistry, the chemistry of the non-covalent intermolecular bond,” for 

the handling of signals on the nanoscale has been thoroughly discussed by L.ehn.” 

In order to obtain organic materials suited for the storage and transfer of information, 

Stoddart and associates have developed a synthetic methodology based on the idea of 

assembling carefully designed small molecular components in a template-directed manner, 

for which the term “Molecular Meccano” was invented.149 The molecular subunits are 

not held together by classical covalent bonds but rather by twining and interlocking, i.e. 

the mechanical interactions responsible for the existence of catenanes, rotaxanes and 
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knots.150~1s1 These interlocked molecular structures were prepared in low yield and 

considered merely as academic curiosities150 until Stoddart and co-workers described the 

syntheses of catenanes and a rotaxane which were able to function as “molecular trains” 

and a “molecular shuttle”, respectively.152~153 The principle of such a “molecular 

machine” will be illustrated by the switching mechanism observed in the molecular 

shuttle. 153 

The [2]-rotaxane 40, which can operate as a molecular shuttle, is shown in Scheme 

21 and consists of a molecular assembly in which a tetracationic bis-pyridinium 

cyclophane moves back and forth like a shuttle (40a # 40b) between two “stations” (the 

hydroquinol units) which are situated symmetrically in a polyether “thread” terminated at 

the ends by large trisisopropylsilyloxy groups that act as “stoppers”. The positively 

charged cyclophane ring will be attracted equally by the two identical electron-rich 

hydroquinol groups and therefore “jump” back and forth between the two stations. 

Temperature dependent ‘H NhJR spectra indicated that this process occurred 500 times 

every second. ‘s4 

OSi(lPr), (iPr&SiO 

aa 40b 

Scheme 21 

This rotaxane was obtained in the relatively high yield of 32 % , which was ascribed to 

the favourable electrostatic attraction between the positively-charged tetracationic 

pyridinium moiety and the polyether oxygen atoms and charge transfer interactions 

between the x-electron accepting tetrapyridinium rings and the x-electron donating 

hydroquinol rings (i.e. x/r-stacking) during the formation of this compound.‘55 
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Although this shuttling behaviour can form the basis for a molecular switch, an important 

problem to be solved is how to move the tetrapyridinium unit sekccive~ from one 

hydroquinol unit to the other, i.e. how to control this molecular switch. Stoddart 

suggested the insertion of non-identical stations along the polyether thread in order to be 

able to address these stations selectively by chemical, electrochemical or photochemical 

means. A possibility might be the use of an electric current, whereby one modified station 

will attract the ring more strongly than the other at a certain value of the electric current. 

By switching the applied current off, the cyclophane ring will be able to move to the 

other station. Therefore by switching the current on and off, the tetracationic unit should 

be driven to and from the stations in a controlled manner. 

So far, this rotaxane forms a intriguing example of a dynamic (supra)molecular 

system, but future developments have to be awaited to discover if it is actually possible to 

control the movement of the cyclophane ring, which might eventually lead to the 

technology for building “molecular machines”. 149 

10 Conclusions and prospects 

Multidisciplinary approaches, based on recent advances in photonics and new organic 

photoactive materials will beyond doubt play a key role in future (nana)-technology 

developments. The photochromic behaviour of many different organic molecules has been 

proposed in reversible optical memory devices but numerous other applications are 

envisaged. 20,156 It is therefore not surprising that the development of new 

photochromic processes is an active research area.157*158 

Apart from the large number of necessary properties for a photochromic compound to 

be suitable for a practical data storage system, as has been extensively discussed in the 

preceding sections, the most important requirement is probably the availability of a non- 

destructive read-out method. The writing procedure (the interconversion between the two 

bistable states) occurs by photoirmdiation at different wavelengths, leading to changes in 

the isomer ratio at the photostationary state. The read-out method is usually based on 

detection of this ratio by UV/Vis techniques in or near the absorption bands of the 

isomers, which can influence the photostationary state or cause unwanted side reactions, 

i.e. a destructive detection procedure. Solutions to this problem have led to the 

construction of light-switchable derivatives, where the photochromic event is accompanied 

by other changes in the molecules, which can be detected without interference with the 

written data. Different approaches to achieve this purpose have been described in this 

review, including, for example changes in liquid crystalline mesophases, gel-state, 

complexation behaviour, conductivity/current, helicity and aggregation behaviour. 
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Difficulties encountered with the photoresponsive molecules reported until now are: 

low thermal stability of one of the two isomers (azobenzenes, azulenes), the use of 

difficultly controllable aggregates (spiropyrans), oxygen sensitivity (viologens), 

destructive read-out methods (diarylalkenes, fulgides) and unwanted side reactions (keto- 

en01 tautomerizations).ls9 Non-destructive read-out methods based on 

current/conductivity measurements can lead to practical problems due to the simultaneous 

use of different techniques for the writing and detection procedure. The application of 

liquid crystalline polymers or chiral polypeptides to achieve a detectable change in 

orientation or conformation are highly promising, but might prevent the use of other 

matrices with possible improvement of important material properties. In various related 

applications, electro-optical devices based on organic dyes have high potential6 

Photoresponsive molecules, in which a change in chiroptical properties is 

encountered, can fulfll the requirements mentioned previously and have as additional 

characteristics that the writing, reading and erasing cycle might occur by using a single 

physical method. Given proper molecular design, read-out by optical rotation remote from 

the switching wavelengths is possible. 

In further developments towards the practical realization of molecular switching 

devices, fatigue resistance and thermal irreversibility can always be a limiting factor for a 

particular organic material. Although impressive progress has been made, for instance 

with diarylethylenes,7e81 several other systems need substantial improvement on these 

points. 

A highly desirable property of photochromic compounds is gated response. Gated 

photochemical reactivity means that no molecular change occurs upon irradiation at any 

wavelength but when another external stimulation, either chemical or physical, is applied 

a photochemical reaction occurs.16o Recently, the first examples of chemical-gated 

photochromic molecules were reported, in which photoresponsive effects can be blocked 

by reversible acid-base reactions73 and reversible hydrogen bond formation,81 

respectively. 

The formation of ordered (macro-)molecular and multicomponent systems gains 

enormous impetus from the recent advances in supramolecular chemistry. About the role 

of photoresponsive organic molecular- or supramolecular-systems as components in 

molecular robotics, molecular machinery or multiaddressable devices with a variety of 

tunable functions can only be speculated upon, but it offers a great stimulus for the 

organic molecule designer. 
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