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SUMMARY 

 

Electroactive polymers have been widely investigated as the active materials in 

electronic memory devices. In comparison to the traditional silicon-based memories, 

polymer electronic memories exhibit advantages of low-cost potential, simplicity in 

structure, good scalability, 3D stacking capability, and device flexibility. In this work, 

a series of electroactive polymers that can provide the required electronic properties 

within a single macromolecule and yet still possess good chemical, mechanical and 

morphological characteristics, have been designed. These polymers include functional 

polyimides, polyfluorene copolymers, azobenzene-containing polymers and graphene 

oxide (GO)-polymer complexes. Electrical switching and memory effects of these 

polymers have been studied in terms of their current density-voltage (J-V) 

characteristics under electrical sweeps. The effects of different functional groups 

(electron-donor or -acceptor moieties) on the resultant switching effects have been 

studied with the aid of molecular simulation and experimental characterizations. 

 

First of all, a series of functional polyimides were designed and studied for their 

electrical switching and memory effects. All the functional polyimides contain the 

same electron-acceptor moiety (phthalimide) but different electron-donor moieties 

(e.g., oxadiazole, triphenylamine-substituted oxadiazole, triphenylamine-substituted 

triazole, etc). Memory devices based on the polyimides were found to exhibit 

different memory effects, including write-once read-many times (WORM), static 
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random access memory (SRAM) and dynamic random access memory (DRAM) 

effects. The variation in memory effects arises from the difference in molecular 

conformation, molecular polarity, and stability of the charge transfer (CT) state, 

associated with the different donor moieties. Electric field-induced CT between the 

electron-donor and -acceptor moieties accounts for the observed electrical switching 

and memory effects. 

 

Two polyfluorene copolymers, TPATz-F8 and TPATz-F8BT, containing the fluorene, 

triphenylamine and triazole moieties, with TPATz-F8BT containing also the 

benzothiadiazole moiety, were developed for memory application. Similar 

non-volatile and rewritable memory effects were observed for these two polyfluorenes, 

except for the different ON state current magnitudes. Electric field-induced CT 

between the donor (fluorene and triphenylamine) and acceptor (triazole, or triazole 

and benzothiadiazole) moieties gives rise to a conductive CT state, resulting in the 

electrical switching effects. Incorporation of the electron-deficient benzothiadiazole 

group in the TPATz-F8BT backbone blocks the charge migration and thus lowers the 

ON state current by about one order of magnitude. 

 

Subsequently, two azo polymers, with the pendant azobenzene moiety attached by no 

terminal group (AzoNEt) or cyano terminal group (AzoNEtCN), were studied for 

their electrical switching and memory effects. Both polymers exhibited uni-directional 

electrical switching from the initial OFF state to the ON state during the negative 
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electrical sweep. The volatility of the ON state was found to be dependant on the 

terminal group in the pendant azobenzene moiety. Non-volatile ON state was 

observed when the azobenzene moiety is attached by an electron-acceptor terminal 

group (cyano group in AzoNEtCN), while volatile ON state was observed when the 

azobenzene moiety has no terminal group (AzoNEt). The strong cyano acceptor 

terminal group in AzoNEtCN can induce a large dipole moment and a strong 

intramolecular CT, which help to stabilize the ON state. 

 

Lastly, two graphene oxide (GO)-polymer complexes, GO-PFTPA and GO-PFCzTPA, 

were designed and characterized for their electrical switching and memory effects. In 

these two functionalized GOs, the GO moiety is attached by different polymer 

segments, which contains fluorene (GO-PFTPA) or fluorene and carbazole 

(GO-PFCzTPA) in the backbone and triphenylamine in the side chain. Memory 

devices based on the two GO-polymer complexes exhibited similar non-volatile and 

rewritable electrical bistability. Electrical field-induced CT between the polymer 

donor and GO acceptor is responsible for the observed electrical switching effects. 

Incorporation of the carbazole group in GO-PFCzTPA can stabilize the CT state and 

interrupt the backbone conjugation, leading to a larger switch-off threshold voltage 

and a higher ON/OFF current ratio in the GO-PFCzTPA device. 
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Figure 6.7 Calculated molecular orbitals and plausible electronic transitions under 
the electric field of (a) GO-PFTPA and (b) GO-PFCzTPA modals. 
 

Figure 6.8 In-situ PL spectra of the GO-PFCzTPA film in an ITO/polymer/Al 
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spectrum before applying any electric bias, while ON-1 to OFF-3 
denote, respectively, the emission spectra after applying the respective 
electrical bias indicated in the bracket (with Al as the working electrode 
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Digital memories refer to computer components and recording media that can retain 

digital data and retrieve the stored data conveniently for computing. Current memory 

technology is based to a large extent on advances in the fabrication of silicon-based 

integrated circuits, such as resistors, transistors and capacitors. By developing new 

technologies to shrink the size of the components, and thus fit more components into a 

single piece of silicon, engineers have driven the speed and capability of computation 

at a predictable fast pace. Progress in computational power is often related to 

“Moore’s Law”, which indicates that the performance of semiconductor devices 

doubles roughly every 18 ~ 24 months (Service, 2003; Compano, 2001). However, 

along with the reduction in component size and thus increase in speed, the structures 

of electronic devices are becoming more and more complicated and the fabrication 

processes are becoming more and more difficult and expensive (Gordon et al., 1997). 

The development of alternative technologies for data storage is thus indispensable. 

 

So far, efforts have been devoted to new technologies and concepts, including 

ferroelectric random access memory (FeRAM) (Setter et al., 2006), magnetoresistive 

random access memory (MRAM) (Boeck et al., 2002), phase change memory (PCM) 

(Hudgens and Johnson, 2004), and organic/polymer memories (Möller et al., 2003). 

Instead of information storage and retrieval by encoding “0” and “1” as the amount of 

stored charges in the current silicon-based memory devices, the new technologies are 

based on electrical bistability of materials arising from changes in certain intrinsic 

properties, such as magnetism, polarity, phase, conformation and conductivity, in 
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response to the applied electric field. 

 

Organic and polymer materials are promising alternatives or supplements to 

traiditonal inorganic semiconductor materials for future memory applications. One 

attractive feature of organic and polymer materials is the possibility for continuous 

tuning of the electronic properties via molecular design and synthesis (Raymo, 2002). 

Advantages of organic and polymer memories also include simplicity in device 

structure, good scalability, low-cost potential, multiple state property and 3D stacking 

capability (Yang et al., 2006; Li et al., 2004; Service, 2001). In particular, polymer 

materials possess unique properties, such as good mechanical strength, flexibility, and 

most important of all, ease of processing. As alternatives to the more elaborated 

processes of vacuum deposition, solution processes, including spin-coating, 

spray-coating, dip-coating, roller-coating and ink-jet printing, promise much less 

expensive fabrication of electronic devices. These techniques also allow for 

fabricating electronic devices on a variety of flexible substrates, such as plastics, 

texiles and metal foils (Stikeman, 2002). 

 

In recent works on polymer memory devices, polymers were employed as 

polyelectrolytes (Möller et al., 2003; Bandyopadhyay and Pal, 2003) and as matrices 

for metal nanoparticles (Tseng et al., 2005), fullerene (Chu et al., 2005), and carbon 

nanotubes (Pradhan et al., 2006). However, in these doped or composite systems, 

phase separation and ion aggregation that arise from non-uniformly dispersed or 
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non-compatible components are normally unfavorable to the performance of a device 

(Zhong et al., 2002). To avoid these drawbacks, a series of electroactive polymers that 

can provide the required electronic properties within a single macromolecule and yet 

still possess good chemical, mechanical and morphological characteristics, were 

designed in this work. In these polymers, electron-donor and -acceptor moieties were 

covalently incorporated in a single macromolecule to act as the electroactive 

components. Soluble groups, e.g., long alphatic substituent, were also introduced to 

improve the solubility and processability in common organic solvents. 

 

In addition, it is predicted that the electrical switching and memory effects of a 

polymer are dependant on its molecular structure. To elucidate this relationship, 

different donor or acceptor moieties were introduced into the polymer molecules and 

the resultant memory effects were studied. Based on different electron-donating or 

-withdrawing ability, conformational feature and flexibility of the component moieties, 

different memory effects, e.g., different switching threshold voltage, ON state 

volatility and ON/OFF state current magnitudes, are expected. Experimental 

characterizations and molecular simulation were carried out to investigate the 

mechanisms underlying the electrical switching phenomena as well as explore the 

effect of different functional group on the resultant memory effects. 

 

Chapter 2 gives an overview of the related literatures. This chapter starts with a brief 

introduction of the polymer electronic memories. Subsequently, classification of the 
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electronic memories is introduced, along with the features and applications of each 

type of the electronic memories. Lastly, the major mechanisms proposed for memory 

effects of organic and polymer electronic memories are elaborated in detail. 

 

In Chapter 3, a series of functional polyimides were designed and studied for their 

electrical switching and memory effects. In these polyimides, the same phthalimide 

group acts as the electron-acceptor moiety, while different groups, e.g., oxadiazole, 

triphenylamine-substituted oxadiazole, triphenylamine-substituted triazole, etc, were 

introduced as the electron-donor moiety. Hexafluoroisopropyl group was also 

introduced into the imide moiety to improve the solubility and processability. Under 

an electric field, charge transfer (CT) occurs between the donor and acceptor moieties, 

resulting in a conductive CT state (ON state). Due to the different electron-donating 

ability, conformation and flexibility of the donor moieties, the required energy for 

triggering CT and stability of the CT state are varied. As a result, different electrical 

switching and memory effects are expected for these polyimides. Experimental 

characterizations and molecular simulation were carried out to investigate the 

underlying mechanisms. 

 

In Chapter 4, two polyfluorene copolymers, TPATz-F8 and TPATz-F8BT, were 

designed and characterized for their memory effects. Due to their good 

electron-donating abilities, tripheylamine and fluorine groups were incorporated into 

the backbone to act as the donor moieties. Triazole group with moderate 
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electron-withdrawing ability was introduced into the side chain and employed as the 

acceptor moiety. Electric field-induced CT from the donor moiety to the acceptpr 

moiety results in a conductive CT state and switches the memory device to the ON 

state. In comparison to TPATz-F8, TPATz-F8BT has an additional benzothiadiazole 

group in the backbone. Due to its electron-deficient feature, the benzothiadiazole 

group can affect charge migratipon along the conjuaged backbone and thus the ON 

state current magnitude. 

 

In Chapter 5, two azo polymers, AzoNEt and AzoNEtCN, with azobenzene 

chromophore in the pendant moiety, were developed for memory applications. 

Different terminal groups were introduced to the pendant azobenzene moiety to adjust 

the polarity of the molecules. In AzoNEtCN, the pendant moiety is attached by a 

cyano terminal group which has strong electron-withdrawing ability, while in AzoNEt, 

there is no terminal group. Due to this difference in molecular structure, the two 

polymers exhibit different polarities and CT degrees, which can determine stability of 

the conducting channel and thus volatility of the ON state. 

 

In Chapter 6, two graphene oxide (GO)-polymer complexes, GO-PFTPA and 

GO-PFCzTPA, were designed and studied for their memory effects. As graphene 

possesses a giant π-conjugated plane, it exhibits excellent electron conductivity within 

the graphene plane. However, this good conductivity limits its application in memory 

device, as it never turns off to be encoded binarily. Thus, oxygen-containing groups, 
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e.g., carbonyls and carboxyls, were introduced into graphene to reduce its initial 

electron conducitity. Subsequently, polymer segments were grafted onto the 

oxygen-containing groups to act as the donor moieties and improve the solubility and 

processability of GO in organic solvents. Electrical filed-induced CT between the 

polymer donor and GO acceptor moieties generates a conductive CT state and 

switches the memory device to the ON state. Due to the different polymer segments, 

different memory effects are expected in the two GO-polymer complexes. Molecular 

simulation was carried out to elucidate the underlying mechanisms. 
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2.1 Introduction of Polymer Electronic Memories 

An electronic memory usually refers to a medium or device which can store digital 

information via binary patterns and has a convenient way to retrieve the stored data. 

In the conventional silicon-based electronic memory, data are stored based on the 

amount of charges stored in the memory cells. Polymer electronic memory stores data 

in an entirely different way, for instance, based on the different electrical conductivity 

states (ON and OFF states) in response to the applied electric field (Stikeman, 2002). 

 

The polymer electronic memory usually has a simple structure with the polymer thin 

film sandwiched between two electrodes on a supporting substrate (glass, silicon 

wafer, plastics or metal foil). The configuration of the top and bottom electrodes can 

be either symmetric or asymmetric, with Al, Au, Cu and ITO as the most widely used 

electrode materials. Figure 2.1 shows the schematic diagram of a typical polymer 

electronic memory. 

 

Figure 2.1 Schematic diagram of a typical polymer memory device structure 
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2.2 Classification of Polymer Electronic Memories 

According to the volatility, polymer electronic memories can be divided into two 

primary categories: volatile and non-volatile memories. A volatile memory eventually 

loses the stored information unless it is provided with a constant power supply or 

refreshed periodically with a pulse. A non-volatile memory, however, is able to retain 

the stored data even after the power supply has been turned off. Write-once read-many 

times (WORM) memory (Song et al., 2006), hybrid non-volatile and rewritable (flash) 

memory (Ling et al., 2006), dynamic random access memory (DRAM) (Ling et al., 

2006), and static random access memory (SRAM) (Liu et al., 2009) are the most 

widely reported polymer memories, with the former two belonging to non-volatile 

memories and the latter two being volatile memories. 

 

A WORM memory allows the information to be written to the storage medium only 

once physically, but can be read from repeatedly. Because of this feature, WORM 

memory device can be used for archival purposes of organizations such as 

government agencies or large enterprises where the data need to be preserved for a 

long time. In these cases, WORM memory functions as the conventional CD-R or 

DVD±R device. 

 

Another non-volatile memory is the flash memory. Different from the WORM 

memory, the flash memory can be electrically erased and reprogrammed. Thus, it has 

the ability to write, read, erase and sustain the stored data and possesses both the 
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non-volatile and rewritable features. Flash memory is primarily used as memory cards 

and USB flash drives for general data storage and transfer of data between computers 

and other digital products, such as digital cameras, digital audio players and mobile 

phones. 

 

DRAM is a type of random access memory that stores each bit of data in a separate 

capacitor within an integrated circuit. Since real capacitors leak charge, the stored data 

eventually fade unless the device is refreshed periodically. Because of this feature, it 

is a volatile and dynamic memory. DRAM is used as the main memory in personal 

computers. A polymer memory, which exhibits a volatile high-conductivity (ON) state 

and has the ability to write, read, erase and refresh the electrical states, shares the 

common features with a DRAM device. 

 

SRAM is another type of volatile memory. The word “static” indicates that, unlike 

“dynamic” RAM (DRAM), it does not need to be periodically refreshed. SRAM 

exhibits data remanence after the power has been turned off. The memory, however, is 

still volatile and the stored data are eventually lost when the memory remains in the 

power-off state. As SRAM is faster but more expensive than DRAM, it is used where 

either bandwidth or low power, or both, are principal considerations, such as cache 

memory in microprocessors. A polymer memory with a remanent yet volatile ON state 

and the ability to write, read and refresh the electrical state, shares the common 

features with a SRAM device. 
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2.3 Mechanisms Underlying Polymer Electronic Memories 

Various mechanisms have been proposed to explain the electrical conductance 

switching in response to the applied electric field in organic/polymer memory devices. 

Among them, the most widely reported mechanisms include filament conduction, 

charge trapping-detrapping process, conformational changes, and charge transfer 

process. In the following sections, these major mechanisms will be elucidated in detail 

based on the previous publications. 

 

2.3.1 Filamentary Conduction 

Generally, when the ON state current of a memory device is highly localized to a 

small fraction of the device area, the phenomenon is termed as “filamentary” 

conduction (Dearnaley et al., 1970; Jakobsson et al., 2007). According to the 

filamentary theory (Segui et al., 1976; Henisch and Smith, 1974), (i) the ON state 

current will exhibit metallic current-voltage characteristics and will increase as the 

temperature is decreased, (ii) the injected current will be insensitive to the device area 

or show a random dependence, because the dimension of the filaments is much 

smaller in comparison to the device area. It is believed that filament conduction is 

normally associated with physical damages in the device, and thus results in artifact 

memory effects which are difficult to control and reproduce. However, some 

controllable filamentary conductions have been demonstrated in polymers for 

non-volatile memory applications (Joo et al., 2006; Sivaramakrishnan et al., 2007). 
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2.3.1.1 Filamentary Conduction Mechanisms 

Electrical switching phenomena with filamentary mechanism have been widely 

reported in the glow discharge polymerized materials, such as polystyrene, 

polyacetylene, and polyaniline (Pender and Fleming, 1975). In these materials, two 

distinct types of electrical switching phenomena have been observed. One type is 

called high-voltage switching regime (HVSR) which is characterized by a high 

switching threshold voltage (> 20 V), and the other type is called low-voltage 

switching regime (LVSR) which is characterized by a low switching threshold voltage 

(1 ~ 5 V). Due to the remarkable difference in the electrical characteristics, different 

filamentary mechanisms have been put forward to explain these two types of 

electrical switching. In the HVSR modal, the filaments are metallic and arise from 

localized fusing of the top and bottom electrodes due to complete vaporization of the 

intervening polymer film, while in the LVSR modal, the filaments are associated with 

the carbon formed from localized pyrolysis of the polymer film (Pender and Fleming, 

1975). In an insulator under sufficiently high electric field, Joule heating may exceed 

heat losses. Thermal runaway will then occur at the “weakest” points of the sample. In 

vacuum or an oxygen-free atmosphere, the localized high temperature (at the thermal 

runaway points) leads to pyrolysis of the polymer and the subsequent formation of a 

carbon-rich area surrounding the breakdown region. Afterwards, further breakdown 

produces narrow highly conductive carbon filaments linking the top and bottom 

electrodes, making the device switch to the ON state. This is the filaments forming 

process in the LVSR modal. Alternatively, in an atmosphere containing oxygen, the 
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polymer will oxidize, leaving little or no residue. Afterwards, the electrostatic 

attraction between the electrodes leads to the formation of a metallic contact. This is 

the filaments forming process in the HVSR modal. 

 

Rupture of the filaments can remove the ON state, as supported by the fact that traces 

of the filaments have been observed after the device is returned to the OFF state (Sliva 

et al., 1970). For the HVSR modal, new breakdown regions are formed in each 

switching cycle, suggesting that the preformed metallic filament is completely 

destroyed in the switching process from the ON state to the OFF state, and the 

formation of another metallic filament is necessary for switching the device back to 

the ON state. Switching cycles continues until the sample is completely destroyed, 

usually within 10 cycles. For the LVSR modal, no new breakdown regions are 

observed after each switching cycle, indicating that this modal is probably associated 

with only one breakdown region (pseudo-breakdown). It is suggested that only a small 

section within a filament is ruptured, and the switching threshold voltage is thus 

dependent on the length of this section rather than the polymer film thickness. A large 

number of switching cycles (>103) can usually be obtained with no obvious change in 

the sample after each cycle (Pender and Fleming, 1975). The reverse switching from 

the ON state to the OFF state is performed by applying a pulse to vaporize carbon and 

thus rupture the carbon filament (Tyczkowski, 1991). In order to rupture a formed 

carbon filament, it would be necessary to supply enough heat to rupture at least a 

portion of the filament and cool it quickly enough so that the ruptured section does not 
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reform. Thus, the current pulse must have sufficient magnitude and duration to rupture 

the filament, but also be short enough so that the produced heat does not become too 

dispersed. Based on the above description, electrical switching in these polymer 

memory devices is a consequence of the formation, rupture and reformation of the 

filaments, as demonstrated in Figure 2.2. 

 

 
 
Figure 2.2 Schematic illustrations of the formation of (a) carbon-rich filaments and (b) 
metallic filaments, and their respective rupturing process. 

 

2.3.1.2 Filaments Forming Conditions 

In recent years, a series of polymers with different structures and physical properties 

have been screened and studied to figure out the forming conditions of the filaments 

(Joo et al., 2006). It has been found that, (i) polymers without the π-conjugation and 

strongly coordinating heteroatom (such as S or N), such as polystyrene and 

poly(methyl methacrylate) (PMMA), did not show any memory behaviors, (ii) 

non-conjugated polymers that can strongly coordinate to the metal ions, such as 
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poly(2-vinyl pyridine) (P2VP), poly(4-vinyl pyridine) (P4VP) and poly(vinyl 

pyrrolidone), also did not yield metal filament, (iii) conjugated polymers without 

strong metal binding moiety, such as polyfluorene and 

poly(2-methoxy-5-(2’-ehtylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV), also gave 

no noticeable memory effect, (iv) conjugated polymers containing strongly 

coordinating heteroatom, such as polypyrrole, polyaniline, poly(3-hexylthiophene) 

(P3HT), and poly(phenylene vinylene)-disperse red 1 (PPV-DR1), showed 

reproducible memory behaviors. Based on the above screening results, it can be 

concluded that both the π-conjugation and coordinating heteroatom that can bind to 

metal ions, regardless of the position of binding sites (side chain or main chain), are 

essential for the production of metal filament. In addition, non-conjugated polymers 

containing the coordinating atom and possessing good charge conductivity, such as 

poly(siloxane carbazole) (PSX-Cz) with charge transport functionality lying in the 

side chain, were also able to produce memory effect, implying that the conjugated 

system is not necessary as long as the polymer is conductive. 

 

2.3.2 Charge Trapping-Detrapping Process 

2.3.2.1 Trapping-Detrapping in Poly(N-vinylcarbazole) 

Electrical switching between two conductivity states without any structural changes 

has been observed in a Ag/poly(N-vinylcarbazole) (PVK)/Ag memory device 

(Sadaoka and Sakai, 1976). Initially, the device was in the OFF state. When an electric 
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field larger than the switching threshold was applied, the current increased abruptly 

after a delay time, forming the ON state. Afterwards, this ON state can be quenched 

by short circuiting the memory device (Sadaoka and Sakai, 1976; Sakai et al., 1983). 

The memory switching delay time is due to the transit time of the injected hole 

carriers through the PVK film. Since the delay time for switching and the fastest 

transit time of the photoinjected hole carriers show the same dependence on the 

applied electric field (Mort, 1972), the transition from the OFF state to the ON state 

may be related to the occupancy level of the traps. As more holes are injected with 

increasing voltage, the number of trapped holes increases and, finally, when all the 

traps are filled with holes, the holes newly injected would not be affected by this trap 

level and cause a steep rise in current. In this sense, the delay time is the time 

necessary to achieve the trap-filled state. Essentially, the electrical switching 

characteristics were not observed in the pristine PVK film (Ling et al., 2005; Teo et al., 

2006). It is reported that the absorbed oxygen molecules in PVK films act as the hole 

trapping centers. After the initial reports, switching phenomena in PVK have gained 

attention for potential application in non-volatile memories (Lai et al., 2005; Lai et al., 

2006).  

 

2.3.2.2 Trapping-Detrapping in Polyfluorene Derivatives 

For the 9,9-dialkylfluorene homopolymer, it does not show any memory switching. 

After incorporation of electron acceptor moieties, such as pyridyl, oxadiazole or rare 
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earth complexes, the functional polyfluorene can exhibit various types of memory 

switching. These effects are a strong indication that electron acceptors can play an 

important role (trapping centers) in the electrical bistability phenomena. 

 

For conjugated copolymers of 9,9-dialkylfluorene and europium complex-chelated 

benzoate, WORM type memory effects have been observed (Ling et al., 2006; Song et 

al., 2006). The devices were initially in the OFF state, and switched to the ON state 

after applying the switching threshold voltage. The ON state cannot be erased by a 

reverse bias or turning off the power, and is thus irreversible and non-volatile. In the 

copolymer, the fluorene moiety acts as the electron donor, while the europium 

complex acts as the electron acceptor. Under a low electric field, hole mobility in the 

copolymer is blocked by the europium complex. When the electric field increases to 

the switching threshold voltage, electrons are injected into the LUMO of the europium 

complexes and holes are injected into the HOMO of the fluorene moieties. The 

charged LUMO (radical anion) of the europium complex and the charged HOMO 

(radical cation) of the fluorene moiety form a channel for charge carriers, switching 

the device to the ON state. Due to the high electron affinity of the europium complex, 

the radical anions can coexist with the surrounding radical cations, resulting in the 

stable ON state. In addition, a flexible memory device based on a copolymer 

containing fluorene group and europium complex has been fabricated with a 

conductive polypyrrole film as the bottom electrode and gold as the top electrode, and 

exhibited WORM type memory effect (Li et al., 2007). 



 19

When the electron acceptor changes from the europium complex to the 

1,3,4-oxadiazole and 2,2’-bipyridine moieties in PFOxPy, a DRAM memory effect 

was observed (Ling et al., 2006). Different from the above WORM type memory 

device, the DRAM type memory device exhibits a volatile and rewritable ON state, 

which can be electrically sustained by a refreshing voltage pulse in every few seconds. 

Essentially, PFOxPy is a p-type material and holes dominate the conduction process. 

The molecular electrostatic surface (ESP) of PFOxPy shows continuous positive ESP 

region along the conjugated backbone, allowing the charge carrier to migrate through 

this open channel. However, there are also some negative ESP regions, lateral to the 

conjugated backbone, arising from the 1,3,4-oxadiazole and 2,2’-bipyridine moieties. 

These negative ESP regions can serve as traps to block the mobility of charge carriers. 

At the switching threshold, the charge traps are filled by the injected holes and 

electron injection also becomes feasible. As a result, conducting channels are formed 

for both holes and electrons, and the current increases rapidly to switch the device to 

the ON state. In the presence of the incorporated 2,2’-bipyridine groups, the depth of 

the traps is reduced from 0.6 eV to 0.3 eV. Thus, the traps are shallow, and the filled 

traps are easily detrapped, resulting in the unstable ON state which can be erased by 

either a reversed voltage or turning off the power for a few minutes. 

 

2.3.2.3 Trapping-Detrapping in Polythiophene Derivatives 

Memory effect based on charge trapping-detrapping process has also been observed in 
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the electronic device based on a composite film of polyethylenedioxythiophene 

(PEDOT):polystyrene sulphonic acid (PSS) sandwiched between the Al and heavily 

doped silicon electrodes (Liu et al., 2005). The charges trapped in the polymer are 

believed to be responsible for the memory effect. With a positive bias voltage, charges 

are injected into the region near the Al/PEDOT:PSS interface. The charges are then 

trapped at the interface and will resist the subsequent charge injection, resulting in the 

low conductivity state. Negative bias can remove the trapped charges and returning 

the device back to the high conductivity state. 

 

The phenomenon of charge trapping has also been investigated in polythiophene 

derivatives bearing the donor-acceptor structure or in donor-acceptor blends. Some 

examples of this kind of polythiophene system include poly 

(4,4”-dipentoxy-4’-(2,2’-dicyano)ethenyl-2,2’:5’,2’’-terthiophene) (PCNT) and 

poly(2,3-dihexylthieno (3,4-b)pyrazine) (PHTP), as well as a composite of 

P3HT:FPYE (FPYE = N-methyl-2-((3’,4’-dibenzyloxy)phenyl) fulleropyrrolidine) 

(Casalbore-Miceli et al., 2007). Although the systems are very different, the charge 

trapping phenomena can be attributed to two similar mechanisms that differ only in 

the steps in which the negative charges are electrochemically injected into the 

acceptor moiety and become delocalized in the material. For PCNT and PHTP, an 

intramolecular delocalization occurs through their conjugative electronic system, 

while for the P3HT:FPYE blend, the delocalization follows an intermolecular path. A 

more stable structure can be attained for the above systems after the reduction process. 
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The enhanced stability of the charged state provides basis for the potential memory 

applications. 

 

2.3.2.4 Trapping-Detrapping in Poly(p-phenylene vinylene) Derivatives 

Electrical bistability of Poly(p-phenylene vinylene) (PPV) has been realized in an 

electronic device with the ITO/PPV/Al sandwich structure (Majee et al., 2006). For 

this PPV device, it can show rewritable electrical switching and can be continuously 

switched between the ON and OFF states. In addition, when either state (ON or OFF 

state) is induced, the device can retain in the state for several hours, allowing for the 

potential application in data storage. The assumed conduction mechanism is that the 

injected holes can charge up the residual sulfur impurities (contamination from the 

PPV precursor) within the system and the charged sulfur impurities in the PPV matrix 

may create filamentary conditions in the device. The impurities can act in a similar 

manner as nanoparticles in the polymer matrix (Ouyang et al., 2004; Tseng et al., 

2005), such that electric field-induced charge transfer between the sulfur moieties and 

their conjugated capping may occur in the device at a certain electric field. This 

phenomenon shows that the increase in conductivity is due to trap-filling/charging of 

the segregated sulfur nanoparticles under bias, leading to an increased current through 

the device. 
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2.3.2.5 Trapping-Detrapping in Polymer-Nanoparticle Composite Materials 

Electrical switching effects have also been observed in many polymer films embedded 

with granular metal particles or semiconducting islands to serve as the trapping sites 

(Bozano et al., 2004; Bozano et al., 2005; Lin et al., 2007). My, Ag, Al, Cr, Au, CdSe, 

ZnS and CuPc particles have been used as the nano-traps, and some cross-linkable 

polymers as the semiconducting hosts (Simon et al., 2006; Li et al., 2007). Three 

architectures have been fabricated for the memory devices: (i) spun-cast 

polymer-nanopartilce (NP) blends where the NPs are randomly distributed throughout 

the entire host matrix, (ii) spun-cast bilayer polymer-NP blends, (iii) evaporated 

structures where the NPs are located in the middle of the organic layer. 

 

The current-voltage characteristics of the polymer-NP memory devices have the 

following features: the current switches between the OFF and ON states at the 

switching threshold voltage, reaches a maximum, and then goes through a negative 

differential resistance (NDR) region to a minimum, after which it increases again 

almost exponentially. A single-layer device without NPs has also been studied as the 

reference. It is observed that in absence of the metal NPs, the device exhibit no 

bistable conductivity states, indicating that the discrete NPs embedded in the 

semiconducting polymer host is necessary for the switching behavior.  

 

The thicker the metal NP layer, the greater are both the ON and OFF currents of the 

device. However, the ON/OFF current ratio decreases for thicknesses greater than 10 
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nm. The most reliable and reproducible devices have been obtained for the device 

with Al NP thicknesses of 5 and 10nm (Bozano et al., 2005). It is expected that 

smaller particles, with higher charging energies, contribute primarily to the 

conduction process, while larger particles, which have longer retention times, are 

more effective as traps. Both the OFF and ON currents are found to scale 

proportionally with area, indicating that switching is, most likely, not related to 

filament formation within the organic film. Charge transport through these devices 

can occur either through the semiconducting medium itself or by tunneling among the 

NPs. In both cases, the charge transport falls into the category of “hopping”, and the 

electronic states are highly localized. 

 

The current-voltage characteristics have been interpreted primarily within the context 

of the SV modal (Simmons and Verderber, 1967). According to this modal, the 

electroforming process moves metal atoms from the electrode into the semiconducting 

polymer layer where they form an impurity band of charge transport levels, as well as 

deeper charge-trapping levels. The pristine state of the formed device is in the ON 

state in which the transport levels and the traps are uncharged. At low voltages, charge 

is injected primarily from one of the electrodes and moves through the transport states. 

At voltages in the NDR region, charge tunnels into the trapping sites and a 

space-charge field builds up, which inhibits further charge injection from the electrode, 

and leads to the current decrease. 
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2.3.3 Conformational Changes 

2.3.3.1 Conformational Change in Biphenyl/Bipyridine Molecules 

Electrical bistability arising from electric field-induced conformational changes has 

been reported in molecular switches (Donhauser et al., 2001). Substituted biphenyl or 

bipyridine molecules have been widely investigated in this area (Cacelli et al., 2006; 

Cacelli et al., 2007). The molecule is inserted as the active material between a pair of 

metallic electrodes, to control the longitudinal conduction in response to the applied 

electric field. The mechanism of operation is based on the action of an electric field 

perpendicular to the ring-ring bond on the torsional angle and, as a consequence, the 

inter-ring conjugation. With the inclusion of suitable substituents on the aromatic 

rings, the transverse electric field can increase the dihedral angle, and thus change the 

conformation from one in which electrons can flow freely from side to side, to one in 

which this flow is hindered. As a result, the conductance of the molecule is varied, 

providing a way for potential data storage. 

 

2.3.3.2 Conformational Change in Azobenzene Derivatives 

Azobenzene derivatives are another family of materials which can undergo 

conformational change (trans-cis isomerization) under the excitation of applied 

electric field. By tunneling electrons with a specific bias in the scanning tunneling 

microscopy (STM), an azobenzene molecule has been observed to exhibit reversible 

trans-cis conformational change and conductance switching between a low- and 
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high-conductivity state (Choi et al., 2006). This reversible isomerization is believed to 

arise from either electron impact resonant excitation or vibrational excitation. The 

trans-cis isomerization of the azobenzene molecule (such as 

3,3’,5,5’-tetra-tert-butylazobenzene) can also be induced by an electric field without 

tunneling of electrons (Alemani et al., 2006). The underlying mechanism has not been 

observed experimentally so far, but has been predicted by calculations. In the presence 

of an electric field, the potential energy surface related to the isomerization can be 

deformed, leading to an effective lowering of the isomerization barrier and thus 

facilitating the isomerization process. In addition to the small molecules, electrical 

conduction transitions associated with conformational changes have also been 

observed in azobenzene-containing polymers (Attianese et al., 2008). Memory device 

based on the azo polymer was initially in the low-conductivity state and switched to 

the high-conductivity state during the negative electrical sweep. The initial 

low-conductivity state cannot be recovered anymore, and a reversible switching 

between the high-conductivity state and a middle-conductivity state was observed. 

The electrical switching from the initial low-conductivity state to the 

high-conductivity state originates from the antiparallel arrangement of the conjugate 

segments, while the reversible switching between the high- and middle-conductivity 

states is due to the electric field-induced conformational changes, which reduce the 

mean distance between the polymeric chains and increase the conductance of the 

sample. 
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2.3.3.3 Conformational Change in Rose Bengal Molecules 

Conduction switching phenomena associated with conformational changes have also 

been observed in devices with Rose Bengal molecules embedded in the 

supramolecular matrices (Bandyopadhyay and Pal, 2004). In these devices, 

conductance switching between at least three levels can be achieved when swept to 

the high voltage range (Mukherjee and Pal, 2005). Two mechanisms, namely, 

electro-reduction and conformational change of the molecules, which can lead to the 

conjugation modification, have been proposed. In the low voltage region, 

electro-reduction of the Rose Bengal molecules facilitates the restoration of 

conjugation in the backbone and, thus, switches the molecule to the ON state. In the 

high voltage regime, conformational change of the molecule to orient both planes of 

the molecule along the field results in another ON state. The devices can be switched 

between either of the two pairs of conductivity states, following the respective 

mechanism. 

 

2.3.3.4 Conformational Change in Carbazole Polymers 

Electrical bistability effects have also been observed in non-conjugated polymers 

containing carbazole pendant groups, such as poly(2-(9H-carbazol-9-yl)ethyl 

methacrylate) (PCz) and poly(9-(2-((4-vinylbenzyl)oxy)ethyl)-9H-carbazole) 

(PVBCz). WORM and SRAM type memory effects have been reported for memory 

device based on PCz and PVBCz, respectively (Teo et al., 2006; Lim et al., 2007). 
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The switching effect arises from the electric field-induced changes in conformation of 

the polymer via rotations of the randomly oriented carbazole groups to a more 

regioregular arrangement for facilitated carrier delocalization and transport. The 

differences in memory behavior between PCz and PVBCz can be attributed to their 

inherent differences in the degree of regioregularity and the ease of conformational 

relaxation. In comparison to PCz, the bulkier spacer between the pendant carbazole 

group and the backbone in PVBCz allows a larger free volume and a greater 

conformational freedom for relaxation through, for example, rotation of the carbazole 

and phenyl rings about the C-O bond, causing the ON state to be unstable. Once the 

applied electric field is removed, the carbazole groups in PVBCz return to the original 

random conformation, and switching the PVBCz device back to the OFF state. 

 

2.3.3.5 Conformational Change in Acene Polymers 

Acene molecules are among the earliest organic materials that can exhibit memory 

effect (Szymanski et al., 1969). In recent years, some acenyl moieties, such as 

anthracenyl and naphthalenyl, have been incorporated into polymers, for ease of 

preparation and processing, diversity in the backbone, and improved thermal stability 

(Arias et al., 1997; Ma et al., 2000; Mello et al., 2002). In 2000, a copolymer of 

methylmethacrylate and anthracene (MDCPAC) has been found to exhibit volatile 

memory effect (Ma et al., 2000). The Au/MDCPAC/Al device can be switched from 

the OFF state to the ON state when the applied electric field reaches the switching 
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threshold voltage (Vth). If the voltage is progressively reduced, the device remains in 

the ON state until the holding voltage (Vhold) is reached. Thus, the device is able to 

exhibit electrical bistability in the voltage range between Vhold and Vth. In MDCPAC, 

the charge transport is expected to involve mainly holes, and the anthracenyl moiety 

plays the role of a trapping center. The abrupt change in resistance of the MDCPAC 

device above Vth is not simply due to trap filling, as commonly observed in 

conjugated polymers. The high-density of charges after trap filling can induce 

changes in the molecular conformation of the anthracenyl moiety, with the associated 

changes in the energy levels. As a result, bulk charge recombination is improved. The 

process is analogous to the neutralization effect of charged traps in chalcogenide 

glasses (Alder et al., 1980). The ON state remains and a high charge density is present 

in the MDCPAC layer. This situation can be maintained as long as the voltage is 

above the holding voltage. The phenomenon is supported by picosecond 

time-resolved excited state absorption spectroscopy experiments, which suggest that 

the photochromic behavior in anthracene-based molecular systems is associated with 

conformational changes driven by energy relaxation (Anders et al., 1993). Thus, the 

anthracene derivatives can also be used as materials for photoswitching applications. 

 

In addition to volatile memory effect, non-volatile memory effect has also been 

observed in the acene polymers, such as poly(ethylene naphthalate) (PEN) (Jiang et 

al., 2005). It is proposed that the difference in conductance between the high- and 

low-impedance states is associated with the field-induced intramolecular structural 
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change in the conjugated system. When electrons are injected into the PEN film, they 

can induce structural distortions of the surrounding molecular chains. A composite 

particle, polaron, which is an electron surrounded by the distorted molecular chains, 

will be formed (Heeger et al., 1988). Since the energy level of the polaron is below 

the LUMO, the electron can enter this level easily. For organic molecules, the 

separation between the polaron level and the Fermi level is 0.1 ~ 0.5 eV. Electrons or 

holes can be injected easily into such materials with narrow bandgaps. Since the 

interactions between organic molecule chains are very weak, molecular arrangement 

can be readily varied by an applied electric field, resulting in the electrical switching 

from one state to another. 

 

2.3.4 Charge Transfer Process 

A charge transfer (CT) complex is defined as an electron donor-acceptor complex, 

characterized by electronic transition to an excited state in which a partial transfer of 

charge occurs from the donor moiety to the acceptor moiety. For a stable CT complex, 

a relationship between ionic binding and conductivity exists (Torrance, 1979; Dei et 

al., 2004). For instance, in the equimolecular complex of Tetracyanoquinodimethane 

(TCNQ) and a donor material, (i) if the donor is characterized by small size and low 

ionization potential, a strongly ionic salt forms and a complete transfer of charge (or 

with the CT degree value, δ > 0.7) occurs from the donor to TCNQ, making the ionic 

salt insulating (due to Coulomb interactions), (ii) if the donor are very large and have 
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a high ionization potential, a neutral molecular solid (δ < 0.4) forms, which is also 

insulating, (iii) if the donor has intermediate size and ionization potential, it tends to 

form a weakly ionic salt with TCNQ, which possesses incomplete CT (0.4 < δ < 0.7) 

and thus is potentially conductive. 

 

2.3.4.1 Organometallic CT complex 

The bistable electrical switching and memory effects of CT complexes have been 

firstly reported in electronic device based on Cu-TCNQ (Potember et al., 1979). In a 

device with a film of microcrystalline Cu-TCNQ sandwiched between Cu and Al 

electrodes, the current-voltage characteristics reveal an abrupt decrease in impedance 

from 2 MΩ to less than 200 Ω at a field strength of 4×103 V cm-1. It was possible to 

drive the device back to the high-impedance state either by applying a short current 

pulse of either polarity, or by allowing the cell to remain for extended periods of time 

without an applied electric field. Similar electrical switching effects have also been 

observed in memory devices based on Li-TCNQ (Gong and Osada, 1992) and 

Ag-TCNQ (Shang et al., 2006). This switching effect is generally understood in terms 

of a reversible phase transition resulting in the formation of neutral moieties and a 

residual CT complex (Sun et al., 1997). 

 

2.3.4.2 Fullerene Based CT Complex 

It is reported that fullerene derivatives possess high electron-withdrawing ability and 
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are able to capture up to six electrons. Thus, they have been widely used as electron 

acceptors to form CT complexes with some organic electron donors, such as 

thiophene, fluorene, carbazole and aniline derivatives.  

 

Recently, an electronic device based on the spin-coated film of a soluble 

methanofullerene (PCBM), tetrathiofulvalene (TTF) and polystyrene has been 

reported to exhibit bistable electrical switching (Chu et al., 2005). In this composite 

film, TTF and PCBM act as electron donor and acceptor, respectively, while 

polystyrene serves as the matrix. The electrical switching is attributed to the electric 

field-induced CT between the TTF donor and PCBM acceptor moieties. In the ground 

state, no electronic transfer occurs between TTF and PCBM, while only a low 

concentration of charge carriers due to impurities exist in the film. Thus, the 

as-fabricated device exhibits a low conductivity. A high electric field, however, may 

facilitate electron transfer from the HOMO of TTF to the LUMO of PCBM. 

Consequently, the HOMO of TTF and LUMO of PCBM become partially filled, and 

TTF and PCBM are charged positively and negatively, respectively. Therefore, 

carriers are generated, and the device exhibits a sharp increase in electrical 

conductivity associated with the electric field-induced CT process. 

 

Another electronic device based on a hybrid material containing 1,4-dibenzyl C60 

(DBC) and zinc phthalocyanine (ZnPc) doped in the polystyrene matrix has been 

reported to exhibit memory effect based on a stable negative differential resistance 
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(NDR) (Lin et al., 2007). Electric field-induced CT between the ZnPc donor and DBS 

acceptor is believed to induce the electrical bistability. 

 

Memory effect has also been observed in a memory device with C60 molecules as the 

charge storage medium dispersed in an insulating poly(vinyl phenol) (PVP) matrix 

(Paul et al., 2006). This simple device exhibits distinct electrical hysteresis with low- 

and high-conductivity states. Charge transfer and retention in the C60 molecules are 

proposed to account for the electrical switching. By implementing a small organic 

molecule (8-hydroxyquinline, 8HQ) to combine with the C60 molecules, a more 

significant electrical hysteresis can be obtained (Paul, 2007). 

 

2.3.4.3 Carbon Nanotubes Based CT Complex 

Carbon Nanotubes (CNTs) are another kind of material possessing intense 

π-conjugation and strong electron-withdrawing ability. Functionalized CNTs show 

good solubility in organic solvents and can form homogeneous films with regioregular 

P3HT as the matrix material (Pradhan et al., 2006). Reproducible electrical bistability 

can be observed in device based on the P3HT:CNT film. Device with only the pristine 

P3HT, however, cannot exhibit any change in conductance during the electrical 

sweeps. Thus, the electrical switching is attributed to CT from the CNTs to the LUMO 

of P3HT. The current magnitudes for both the OFF and ON states, as well as the 

ON/OFF current ratio, increase along with the increase in CNTs concentration in the 
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P3HT matrix.  

 

The composite material of CNTs and a conjugated copolymer of 

9,9-didodecylfluorene and 4-triphenylamino-2,6-bis(phenyl)pyridine (F12TPN) has 

been reported to show a more desirable electrical bistability (Liu et al., 2007). When 

operated alone, memory device based the F12TPN thin film exhibited an 

unconspicuous electrical switching at around -2.3 V, with the ON/OFF current ratio 

being only about 10. When doping the F12TPN layer with about 1wt% of CNTs, 

electric field-induced CT occurs from the CNTs to the conjugated polymer chains, 

resulting in a significantly increased ON/OFF current ratio (105) and a reduced 

switch-on threshold voltage (-1.7 V). The improvement in memory behavior is 

believed to arise from the strong electron-withdrawing ability of the CNTs. 

 

2.3.4.4 Au Nanoparticles Based CT Complex 

Programmable electrical bistability has been observed in a device made from Au 

Nanoparticles capped with 1-dodecanethiol (AuNP-DT) and 8HQ dispersed in the 

polystyrene matrix (Ouyang et al., 2004). The device displays an abrupt transition 

from the OFF state to the ON state under an external bias, with an ON/OFF ratio of 

about 104. Applying an opposite bias can return the device back to the OFF state. In 

this composite film, 8HQ and AuNP act as the electron donor and acceptor, 

respectively. Initially, there is no interaction between the AuNP-DT and 8HQ, and the 
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film exhibits a low conductivity. At the switching threshold voltage, electrons on the 

HOMO of 8HQ may gain enough energy to tunnel into the AuNP through the capping 

DT layer. Consequently, 8HQ and the AuNP are positively and negatively charged, 

respectively. Carriers are generated, and the device exhibits a sharp increase in 

conductivity. A reverse electric field can transfer the electrons from AuNP back to the 

HOMO of 8HQ, resulting in the recovery of the OFF state. Other materials have also 

been studied for their effect on device performance. When 8HQ is replaced by 

9,10-dimethylanthracene (DMA) or the polystyrene matrix is replaced by the PMMA 

matrix, similar electrical bistability can be observed (Ouyang et al., 2005). However, 

in the absence of 8HQ or any other conjugated organic compound, no significant 

electrical switching is observed, indicating the key role of the organic donor materials.  

 

If the capping molecule on the AuNP is changed from a saturated alkylthiol 

compound to an aromatic compound, the electrical behavior of the device will change 

significantly. For example, when the AuNP is capped with conjugated 

2-naphthalenethiol (2NT), in which the covalently bonded naphthalene group acts as 

the electron donor, the device Al/AuNP-2NT:polystyrene/Al exhibits an 

non-rewritable WORM rather than rewritable flash type memory effect (Ouyang et al., 

2005). Electrical switching from the OFF state to the ON state, with an ON/OFF ratio 

of 103, was observed. However, after the transition, the device cannot return to the 

OFF state by applying a reverse voltage. This electrical switching is attributed to the 

electric field-induced CT between the AuNP and the capping 2NT. After the CT, the 
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capping 2NT molecules are positively or negatively charged so that the film exhibits a 

high current and remain in the ON state. 

 

Another non-volatile memory device based on the AuNP-DT and P3HT composite 

has been demonstrated (Prakash et al., 2006). Electrical switching between the OFF 

and ON states can be accomplished a thousand times with an ON/OFF ratio of about 

103. The electronic transition is attributed to the electric field-induced CT between the 

P3HT donor and AuNP-DT acceptor. Although the electronic transition mechanism of 

this device is very similar to that for the Al/AuNP-DT:8HQ:polystyrene/Al device 

mentioned above (Ouyang et al., 2004), the electrical behaviors of the two devices do 

differ. The conduction mechanisms for the AuNP-DT:P3HT and 

AuNP-DT:8HQ:polystyrene devices in the ON state are Poole-Frenkel emission and 

Fowler-Nordheim tunneling, respectively. Presumably, this difference is due to the 

different charge transport processes through the polymer or organic materials. Charge 

transport through P3HT is via charge hopping among the polymer chains, while 

charge transport through 8HQ dispersed in the inert polystyrene matrix is via probably 

charge tunneling among the molecules. 

 

In addition, rewritable and non-volatile electrical switching behaviors have been 

observed in another memory device based on the AuNP-DT and PVK (Song et al., 

2007). In this device, PVK serves both as the matrix for AuNP and the electron donor, 

while AuNP serves as the electron acceptor. When a high electric field is applied to 
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the device, CT between PVK and AuNP occurs, leading to the formation of a 

conductive CT complex and the electrical switching to the ON state. A reverse bias 

can dissociate CT complex and reset the device to the initial OFF state. 

 

2.3.4.5 Functional Polyimide Based CT Complex 

A functional polyimide (TP6F-PI), containing single bond linked triphenylamine and 

phthalimide moieties, has been synthesized and studied for its memory behavior (Ling 

et al., 2006). Electronic device based on TP6F-PI exhibits volatile electrical switching 

and is able to write, read, erase, and refresh the electrical states, thus fulfilling the 

functionality of a DRAM. The mechanism underlying the electrical switching is 

probably similar to that of the photoinduced CT in photoconductive polyimides. In 

TP6F-PI, the triphenylamine group acts as the electron donor, while the phthalimide 

acts as the electron acceptor. At the switching threshold voltage, CT can occur from 

the triphenylamine donor to the phthalimide acceptor, forming the conductive CT 

states. Under an electric field, the charges can be further segregated and delocalized to 

the conjugated triphenylamine, thus stabilizing the CT state to some extent. However, 

the ON state of the TP6F-PI device could not be sustained due to limited 

delocalization in the triphenylamine moieties. A reverse bias or removal of the electric 

field can dissociate the CT complex and return the device to the initial OFF state. As a 

result, a volatile and rewritable electrical switching was observed in the TP6F-PI 

device. 
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3.1 Introduction 

Aromatic polyimides are a class of high-performance polymers possessing the cyclic 

imide and aromatic groups in the main chains. They constitute an important class of 

materials due to their many desirable characteristics, such as good thermal stability, 

superior mechanical properties, low dielectric constant, high breakdown voltage, high 

radiation resistance, inertness to solvents, and long-term stability (Ghosh and Mittal, 

1996). In view of their unique properties, polyimides have found a wide range of 

applications in advanced technologies, such as integrated electronic circuits, 

microelectronics, optoelectronics, and aerospace industries (Kirby, 1996).  

 

The first commercial polyimide is Kapton (molecular structure shown in Figure 3.1), 

which was developed by DuPont in the 1960s (Hasegawa and Horie, 2001). Since 

then this field has blossomed, and hundreds of polyimides have become available with 

different characteristics to satisfy requirements for various applications. However, 

most of them have high melting temperatures, low optical transparencies or poor 

solubilities in organic solvents (Liaw et al., 2007). These disadvantages make them 

generally intractable and difficult to process, thus limiting their applications. In order 

to overcome these drawbacks, special structures, such as bulky lateral substituents, 

flexible alkyl side chains, and unsymmetric, alicyclic or kinked structures, have been 

introduced into the polyimide chains (Imai, 1995; Liaw et al., 2005; de Abajo and de 

la Campa, 1999). In recent years, polyimides with good organic solubility have 
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attracted wide research efforts, which have been focused on synthesizing new rigid 

diamines that can result in soluble and processable polyimides without deteriorating 

their positive properties (Wang et al., 2008; Jung et al., 2006). 

 

 

 
Figure 3.1 Molecular structure of Kapton 

 

In addition to being adopted as insulating and dielectric materials in traditional 

electronic devices, polyimides have also been investigated for applications in organic 

electronics, such as photovoltaics (Rumyantsev et al., 2005; Lozano et al., 2007), 

light-emitting diodes (Shin et al., 20003; Hsu et al., 2007), xerography (Wang et al., 

1998), and polymer memories (Takimoto et al., 1992; Cai et al., 2008; Hahm et al., 

2008). In the pioneer work, Ling et al. have synthesized a solution-processable 

functional polyimide (TP6F-PI, molecular structure shown in Figure 3.2) containing 

both electron-donor (triphenylamine) and electron-acceptor (phthalimide) moieties, 

and studied its switching effects under electrical sweeps (Ling et al., 2006). Switching 

device based on TP6F-PI was able to switch between the low-conductivity (OFF) and 

high-conductivity (ON) state and exhibit a volatile and rewritable dynamic random 

access memory (DRAM) behavior. In the following work (Ling et al., 2007), they 

have synthesized another functional polyimide (PP6F-PI, molecular structure shown 

in Figure 3.2), which contains the same phthalimide acceptor moiety but different 
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donor moiety (pyrene-substituted diphenylpyridine). Due to this change in molecular 

structure, electronic device based on PP6F-PI was found to exhibit a different 

non-volatile and rewritable flash type memory effect. The results indicate that 

electrical switching behaviors and memory effects of the functional polyimides are 

dependant to a large extent on their molecular structures. To study the effect of 

different donor moieties on the resultant memory behaviors, a series of 

solution-processable functional polyimides (molecular structures shown in Figure 3.2), 

containing the same electron-acceptor moiety but different electron-donor moiety, 

were designed and studied for their electrical switching and memory effects in this 

chapter. Electronic devices were fabricated based on solution-cast thin film of the 

polyimide sandwiched between an indium-tin oxide (ITO) bottom electrode and an Al 

top electrode. Under the electrical sweeps, all the devices were able to exhibit 

electrical switching and memory effects. However, the volatility of the ON state, 

switching threshold voltages, and ON/OFF current ratios were varied with different 

polyimides. The variation in electrical switching effects arises probably from the 

difference in molecular conformations, polarities, and stability of the charge transfer 

(CT) state, associated with the difference in their molecular structures. Experimental 

characterizations and molecular simulations were carried out to investigate the 

mechanisms underlying the molecular structure-dependent memory effects. 
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Figure 3.2 Molecular structures of the functional polyimides studied in this chapter 
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3.2 Experimental Section 

3.2.1 Materials 

10% Palladium on activated carbon (Pd/C) was purchased from Merck Chemical Co. 

and used as received. 4-(N,N-Diphenylamino)benzaldehyde and p-fluorobenzoic acid 

were purchased from Sigma-Aldrich Chemical Co. and used as received. 

4,4'-Hexafluoroisopropylidenediphthalic anhydride (6FDA) was purchased from 

Chriskev Chemical Co. and sublimated before use. Diphenylamine, 4-aminophenol, 

4-fluorobenzoyl chloride, 4-nitrobenzoyl chloride, 4-fluoronitrobenzene, acetic 

anhydride, and pyridine were purchased from Acros Chemical Co. and used as 

received. Phosphorus pentachloride, hydrazine monohydrate, and potassium carbonate 

were purchased from Riedel-de Haën Chemical Co., Alfa Aesar Chemical Co., and 

Showa Chemical Co., respectively, and were used as received. 

N-Methyl-2-pyrrolidinone (NMP), N,N-dimethylacetamide (DMAc), dimethyl 

sulfoxide (DMSO), and toluene were purchased from Tedia Chemical Co. 

Tetrahydrofuran (THF) and N,N-dimethylformamide (DMF) were purchased from 

Echo Chemical Co. 1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU) 

was purchased from Sigma-Aldrich Chemical Co. All the solvents were purified by 

distillation over calcium hydride and stored over 4 Å molecular sieves. 
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3.2.2 Instrumentation 

FT-IR spectra of the synthesized monomers and polymers dispersed in KBr, as well as 

of the polymer films, were recorded in the wavenumber range of 400 ~ 4000 cm-1 on a 

Bio-Rad Digilab FTS-3500 spectrometer. NMR spectra were measured on a Bruker 

Avance 500 spectrometer. Elemental analysis was carried out on a Perkin-Elmer 2400 

elemental analyzer. The inherent viscosity of the polymer solution was measured with 

an Ubbelohde viscometer. Weight average molecular weight (Mw) and number 

average molecular weight (Mn) were determined by gel permeation chromatography 

(GPC) with four Waters (Ultrastyragel) columns (300×7.7 mm, guarded and packed 

with 105, 104, 103, and 500 Å gels) in series. THF (1 mL·min-1) was used as the eluent 

which was monitored with a UV detector (JMST Systems, VUV-24, USA) at 254 nm. 

Monodispersed polystyrene samples were used as the molecular weight standards. 

Thermogravimetric analysis (TGA) was conducted on a TA Instrument Dynamic TGA 

2950 thermogravimetric analyzer at a heating rate of 10°C·min-1 and under a nitrogen 

flow rate of 50 cm3·min-1. Differential scanning calorimetry (DSC) analysis was 

performed on a TA Instrument TA 910 differential scanning calorimeter at a heating 

rate of 10°C·min-1 and under a nitrogen flow rate of 50 cm3·min-1. UV-visible 

absorption and photoluminescence (PL) spectra were measured on a Shimadzu 

UV-NIR 1601 spectrophotometer and Shimadzu RF 5301PC luminescence 

spectrophotometer, respectively. Atomic force microscope (AFM) image of the cast 

polyimide film on the indium-tin oxide (ITO) coated glass substrate was measured on 

a Veeco Multimode Atomic Force Microscope loaded with a Nanosensors PPP-NCHR 
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Si tip. 

 

3.2.3 Synthesis of the Functional Polyimides 

The functional polyimides of OXTA-PI, AZTA-PI, AZTA-PEI and P(BPPO)-PI were 

prepared and characterized by Associate Prof. Wang Kun-Li, Mr. Huang Guo-Syun, 

Mr. Lee Jian-Wei and Mr. Shi I-Hao from National Taipei University of Technology. 

 

3.2.3.1 Synthesis of OXTA-PI 

The synthesis route of OXTA-PI is illustrated in Figure 3.3. Details on the preparation 

and characterizations are given below. 

 

Synthesis of 5-(5-(4-(diphenylamino)phenyl)-1,3,4-oxadiazol-2-yl)benzene-1,3- 

diamine (OXTA): The OXTA diaimine was prepared by four steps from 

4-(N,N-diphenylamino)benzaldehyde. Compounds 1 and 2 were prepared according to 

the published method (Bing et al., 2004; Tamoto et al., 1997). Compound 2 was 

reacted with 3,5-dinitrobenzoyl chloride in pyridine to afford the orange compound 3, 

followed by reduction with hydrazine monohydrate in ethanol in the presence of Pd/C 

at reflux temperature. The above mixture was then filtered to remove Pd/C and dried 

under reduced pressure to afford the crude product, which was recrystallized from 

THF to afford the yellow-white product (OXTA, yield: 27%). FT-IR (KBr, cm-1): 
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3446, 3380, 3323, 3213 (-NH2 stretch), 1592 (-C=N-). 1H-NMR (d6-DMSO, 500 

MHz), δ(ppm): 5.10 (s, 4H, NH2), 6.02 (d, J = 1.71 Hz, H), 6.52 (d, J = 1.8 Hz, 2H), 

7.03 (d, J = 8.8 Hz, 2H), 7.17 (m, J = 6.2 Hz, 6H), 7.39 (t, J = 7.8 Hz, 4H), 7.87 (d, J 

= 8.8 Hz, 2H). 13C-NMR (d6-DMSO), δ(ppm): 100.79, 102.46, 115.58, 120.47, 

124.02, 124.64, 125.55, 127.73, 129.88, 149.87, 146.09, 150.31, 163.30, 164.51. 

Anal. calcd. for C26H17N5O (wt %): C 74.44, H 5.05, N 16.70; found: C 74.47, H 4.96, 

N 16.73. 
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Figure 3.3 Synthesis routes for the monomers and the OXTA-PI polymer 

 

Synthesis of OXTA-PI: 6FDA (0.05 mol) was added slowly, with stirring, to a NMP 

solution of OXTA (0.05mmol). The mixture was stirred at ambient temperature for 4 

h to form the poly(amic acid). Chemical imidization was carried out by addition of 1 

mL acetic anhydride and 0.5 mL pyridine into the above-mentioned poly(amic acid) 

solution, followed by heating the mixture at 120oC for 3 h. The polymer solution was 
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poured slowly into 300 mL of methanol with stirring. The precipitate was filtered, 

washed with hot methanol, and dried at 100oC under reduced pressure. 

 

3.2.3.2 Synthesis of AZTA-PI and AZTA-PEI 

The synthesis routes for the two polyimides are illustrated in Figure 3.4. Details on 

the preparation and characterizations are given below. 

 

AZTAN and AZTAF were prepared according to the previously reported procedures 

(Wang et al., 2008), in which 4-nitrobenzoyl chloride and 4-fluorobenzoyl chloride 

were used as the initial reaction compound, respectively. 

 

Synthesis of N-(4-(3,5-bis(4-aminophenyl)-4H-1,2,4-triazol-4-yl)phenyl)-N- 

phenylbenzenamine (AZTA). AZTA was prepared from AZTAN by general reduction 

reaction with hydrazine monohydrate in ethanol in the presence of Pd/C at reflux 

temperature. The mixture was then filtered to remove Pd/C and dried under reduced 

pressure to afford the crude product, which was recrystallized from THF to afford the 

yellow product (AZTA, yield: 83%). FT-IR (KBr, cm-1): 3369, 3461 (-NH2). 

1H-NMR (d6-DMSO 500 MHz), δ(ppm): 5.33 (s, 4H, NH2), 6.52-6.53 (d, J=7.66Hz, 

4H), 6.96-6.98 (d, J=8.6Hz, 2H), 7.03-7.05 (d, J=7.8Hz, 4H), 7.09-7.10 (m, 6H), 

7.14-7.16 (d, J=8.68Hz, 2H), 7.32-7.35 (t, J=7.78Hz, 4H). 13C-NMR (d6-DMSO), 

δ(ppm): 113.2, 114.1, 122.7, 123.8, 124.5, 129.2, 129.3, 129.5, 129.7, 146.6, 147.8, 

149.8, 154.2. Anal. calcd. for C32H26N6 (wt %): C 77.71, N 16.99, H 5.30; found: C 
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76.10, N 16.45, H 5.48. 

 

Synthesis of N-(4-(3,5-bis(4-(4-aminophenoxy)phenyl)-4H-1,2,4-triazol-4 

-yl)phenyl)-N-phenylbenzenamine (AZTAE). AZTAF was reacted with 

4-aminophenol and potassium carbonate in NMP at 150°C, according to the method 

reported previously (Hamciuc et al., 1996), to produce the light-yellow product 

(AZTAE, yield: 48%). FT-IR (KBr, cm-1): 1199 (-O-), 3359, 3454 (-NH2). 1H-NMR 

(d6-DMSO, 500 MHz), δ(ppm): 5.03 (s, 4H, NH2), 6.61-6.62 (t, J=8.64Hz, 4H), 

6.74-6.76 (d, J=8.66Hz, 4H), 6.81-6.83 (d, J=8.79Hz, 4H), 6.88-6.90 (d, J=8.73Hz, 

2H), 6.98-7.00 (d, J=7.79Hz, 4H), 7.04-7.07 (t, J=7.34Hz, 4H), 7.14-7.15 (d, 

J=8.725Hz, 2H), 7.24-7.27 (t, J=7.83Hz, 4H), 7.35-7.37 (d, J=8.78Hz, 4H) 13C-NMR 

(d6-DMSO), δ(ppm): 115.0, 115.9, 120.4, 121.4, 122.2, 124.1, 124.8, 128.0, 129.3, 

130.0, 130.2, 144.6, 146.0, 146.4, 148.3, 153.9, 160.2. Anal. calac. for C44H34N6O2 

(wt %):C 77.86, N: 12.38, H: 5.05; found: C 77.42, N: 2.23, H 5.08. 

 

Synthesis of AZTA-PI and AZTA-PEI: 6FDA (0.05 mol) was added slowly, with 

stirring, to a NMP solution of AZTA or AZTAE (0.05mmol). The mixture was stirred 

at ambient temperature for 4 h to form the poly(amic acid). Chemical imidization was 

carried out by addition of 1 mL acetic anhydride and 0.5 mL pyridine into the 

above-mentioned poly(amic acid) solution, followed by heating the mixture at 120oC 

for 3 h. The polymer solution was poured slowly into 300 mL of methanol with 

stirring. The precipitate was filtered, washed with hot methanol, and dried at 100oC 
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under reduced pressure. 

 

 
Figure 3.4 Synthesis routes for the monomers and the AZTA-PI and AZTA-PEI 
polymers 
 

3.2.3.3 Synthesis of P(BPPO)-PI 

The synthesis route of P(BPPO)-PI is illustrated in Figure 3.5. Details on the 

preparation and characterization are given below. 

 

Synthesis of 2,5-bis(4-fluorophenyl)-1,3,4-oxadiazole (BFOXD): 

2,5-bis(4-fluorophenyl)-1,3,4-oxadiazole (BFOXD) was synthesized according to the 

published method (Hwang and Chen, 2000). After the reaction of p-fluorobenzoic acid 

(2 mol) and hydrazine hydrate (1 mol) in polyphosphoric acid (PPA), the mixture was 

recrystallized twice from ethanol, giving rise to small needle-like white crystals. 

FT-IR (KBr pellet): 1610 cm-1 (-C=N-). 1H NMR (CDCl3, 500 MHz), δ(ppm): 

7.97-8.00 (m, 4H), 7.28-7.32 (t, J= 8.87 Hz, 4H). 
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Synthesis of 2,5-bis(p-aminophenoxy-phenyl)-1,3,4-oxadiazole (BAOXD):  BFOXD 

was reacted with 4-aminophenol and potassium carbonate in NMP at 150°C, 

according to the method reported previously (Hamciuc et al., 2007), to produce the 

diamine. This method is based on the nucleophilic displacement of the activated 

fluoro-substituents by potassium phenoxide in polar aprotic solvent. FT-IR (KBr, 

pellet): 3454 and 3373 cm-1 (NH2), 1612 cm-1 (-C=N-), 1240 cm-1 (-O-). 1H NMR 

(d6-DMSO, 500 MHz), δ(ppm): 8.01-8.03 (d, J=8.79 Hz, 4H), 7.02-7.04 (d, J=8.79 Hz, 

4H), 6.82-6.84 (d, J=8.67 Hz, 4H), 6.61-6.63 (d, J=8.71 Hz, 4H), 5.08 (s, 4H). 

 

Synthesis of P(BPPO)-PI: 6FDA (0.509 g) was added slowly, with stirring, to 4 mL of 

DMAc containing 0.5 g of BAOXD at 0°C. The mixture was stirred at ambient 

temperature for 24 h under a nitrogen atmosphere to form the poly(amic acid). 

Chemical imidization was carried out by adding 1 mL of acetic anhydride and 0.5 mL 

of pyridine into the poly(amic acid) solution, followed by heating the mixture at 

140°C for 6 h. The polymer solution was poured slowly into 300 mL of methanol with 

stirring. The precipitate was filtered, washed with methanol, and dried at 100°C under 

reduced pressure. FT-IR (film): 1784, 1724, 1376 cm-1 (imide). 1H NMR (d6-DMSO, 

500 MHz), δ(ppm): 8.10-8.20 (6H), 7.95-7.98 (2H), 7.68-7.88 (2H), 7.45-7.58 (4H) , 

7.25-7.38 (8H). 
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Figure 3.5 Synthesis routes for the monomers and the P(BPPO)-PI polymer 

 

3.2.4 Fabrication and Characterization of the Memory Devices 

The ITO coated glass substrate was pre-cleaned sequentially with deionized water, 

acetone, and isopropanol in an ultrasonic bath for 15 min. A 10 mg·mL-1 DMAc 

solution of the polyimide was spin-coated onto the ITO substrate, followed by solvent 

removal in a vacuum chamber at 10-5 Torr and 60°C for 12 h. The thickness of the 

polymer layer was determined by the AFM step profile. Finally, an Al top electrode of 

400 nm in thickness was thermally deposited onto the polymer layer through a 

shadow mask at a pressure of about 10-7 Torr. The measurements of electrical 

properties were carried out on devices of 0.4×0.4 mm2, 0.2×0.2 mm2 and 0.15×0.15 

mm2 in size, under ambient conditions, using an Agilent 4155C semiconductor 

parameter analyzer equipped with an Agilent 41501B pulse generator. The current 

density-voltage (J-V) data reported are based on device units of 0.4×0.4 mm2 in size, 

unless stated otherwise. ITO was maintained as the ground electrode during the 

electrical measurements. 
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3.2.5 Molecular Simulation 

Molecular simulations of the polyimides were carried out with the Gaussian 03 

(Revision E. 01) program package on an Intel Xeon EM64T workstation. The 

calculations for the ground and excited states were carried out with 1 CPU and 

2GByte memory, and 4 CPUs and 8GByte memory, respectively. Electronic properties 

of the polyimides at the ground state, including molecular orbitals, electrostatic 

potential (ESP) surface, and dipole moment, were calculated from the density function 

theory (DFT), using the Becke’s three-parameter functional with the Lee, Yang and 

Parr correlation functional method (B3LYP) and the basis set 6-31G with d function 

added to heavy atoms (in short, DFT B3LYP/6-31G(d)) (Frisch et al., 2004). Based on 

the ground state optimized geometry, the optimized geometry, dipole moment and 

ESP surface of the first excited state were calculated with configuration interaction 

involving single electron excitations (CIS) method (Foresman et al., 1992). For both 

molecular simulations, vibrational frequencies were calculated analytically to ensure 

that the optimized geometries really correspond to the total energy minima. 
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3.3 Results and Discussion 

3.3.1 Characterizations of the Functional Polyimides 

The solubilities of the functional polyimides in common organic solvents are 

summarized in Table 3.1. Due to “fluorine effect” of 6FDA (Wang et al., 2008), all the 

functional polyimides exhibit good solubility in common solvents, such as DMF, 

DMAc, NMP, DMSO and chloroform, at room temperature. In comparison to the 

traditional polyimides that are insoluble in common solvents, e.g., Kapton, the present 

polyimides are more desirable for fabricating electronic devices via solution process 

(Hasegawa and Horie, 2001). 

 
Table 3.1 Solubilities of the functional polyimides in common organic solvents 

 

Polymer 
Solubilitya 

DMAc DMF NMP DMSO CHCl3 THF 

OXTA-PI ++  ++ ++ ++ ++ ++ 

AZTA-PI ++  ++ ++ ++ ++ +- 

AZTA-PEI ++  ++ ++ ++ ++ ++ 

P(BPPO)-PI ++  ++ ++ ++ ++ ++ 
aSolubility measured in concentration of 1 mg·mL-1 
++: Soluble at room temperature 
+-: Partially soluble on at room temperature 
 

The inherent viscosities, molecular weights, and thermal properties of the functional 

polyimides are summarized in Table 3.2. In comparison to OXTA-PI, P(BPPO)-PI 

with similar molecular structure exhibits a much lower glass transition temperature 

(250°C for P(BPPO)-PI vs 317°C for OXTA-PI), probably arising from its more 
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flexible molecular chain due to the incorporation of the phenoxyl group (Jin et al., 

2004). The similar phenomenon is also elucidated by the lower glass transition 

temperature of AZTA-PEI (273°C) containing an additional phenoxyl group than that 

of AZTA-PI (304°C). 

 
Table 3.2 Inherent viscosities, molecular weights and thermal properties of the 
functional polyimides 

 

Polymer 
 

η (g·dL-1)a  
Molecular weightsb   Thermal properties 

Mn  Mw  Td10(oC)c
  Tg(oC)d

OXTA-PI  0.25  2.5×104  3.8×104  476  317 

AZTA-PI  0.44  3.2×104  5.6×104  515  304 

AZTA-PEI  0.88  8.0×104  1.7×105  526  273 

P(BPPO)-PI  0.35  6.6×104  9.5×105  566  250 
aInherent viscosity was measured in DMAc at a concentration of 0.5g·L-1 at 30 oC 
bMolecular weights were measured by GPC in DMF using polystyrene as standard 
cTd10 is 10% weight loss temperature measured by TGA in nitrogen 
dTg is the glass transition temperature measured by DSC in nitrogen 

 

Figure 3.6 shows the UV-visible absorption spectra of OXTA-PI, AZTA-PI, 

AZTA-PEI and P(BPPO)-PI in chloroform. The concentration of P(BPPO)-PI was 

about 5×10-7 M. The concentrations of the rest three polyimides were adjusted to have 

the same number of repeating units as that of P(BPPO)-PI. All the absorption spectra 

are normalized to the maximum absorption peak of P(BPPO)-PI for ease of 

comparison. As shown in Figure 3.6, P(BPPO)-PI exhibits a maximum absorption 

peak at 301 nm, which is attributed to the π→π* transition of the π electrons 

delocalized along the 2,5-bis(4-phenoxyphenyl)-1,3,4-oxadiazole (BPPO) moieties 
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(Wolarz et al., 2007). In comparison to P(BPPO)-PI, an additional triphenylamine 

group is incorporated into the OXTA-PI molecule, which significantly enhance the 

intramolecular CT and thus induces a CT absorption band at 364 nm (Tao et al., 2009). 

When the oxadiazole group in OXTA-PI is substituted by the triazole group in 

AZTA-PI, a nearly orthogonal dihedral angle is formed between the triazole and 

triphenylamine groups (Strukelj et al., 1995), which inhibits the intramolecular CT 

and blue-shifts the maximum absorption to 290 nm. Incorporation of the flexible 

phenoxyl group into the AZTA-PEI molecule limits the conjugation of the polymer 

chain and induces a further blue-shift to 282 nm in the maximum absorption.  

 

 
Figure 3.6 UV-visible absorption spectra of OXTA-PI, AZTA-PI, AZTA-PEI and 
P(BPPO)-PI in chloroform. The concentration of P(BPPO)-PI was about 5×10-7 M. 
The concentrations of the rest three polyimides were adjusted to have the same 
number of repeating units as that of P(BPPO)-PI. All the absorption spectra are 
normalized to the maximum absorption peak of P(BPPO)-PI for ease of comparison. 
 

The PL spectra of OXTA-PI, AZTA-PI, AZTA-PEI in chloroform and P(BPPO)-PI in 
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DMAc are shown in Figure 3.7. The PL spectra of the corresponding monomers, 

OXTA, AZTA and BFOXD were employed as the references. The concentrations of 

OXTA-PI, AZTA-PI, AZTA-PEI and P(BPPO)-PI in solution were 6.7×10-7 M, 

5.2×10-7 M, 2.1×10-7 M and 1.0×10-8 M, respectively. The concentrations of the 

monomers were adjusted to have the same number of repeating units as their 

corresponding polymers. All the emission spectra were obtained with the excitation 

wavelength of 280 nm. As shown in Figure 3.7(a), the OXTA monomer exhibits an 

intense emission peak at 436 nm, which is red-shifted by 87 nm in comparison to the 

emission of 2,5-diphenyl-1,3,4-oxadiazole (Franco et al., 2006). This large red-shift 

probably arises from the intense CT between the triphenylamine and oxadiazole 

groups in OXTA. The PL quantum yield (ФPL) of the OXTA monomer in chloroform 

was estimated by comparison with the PL of standard 9,10-diphenylanthracene. The 

PL quantum yield of OXTA was 23.6%. The fluorescence of OXTA-PI, however, was 

significantly quenched, indicating considerable decay of the excited singlet state of 

the OXTA moiety, either by charge or energy transfer between the OXTA and 

phthalimide moieties (Shibano et al., 2006; Lukas et al., 2002). The poor match 

between the emission spectrum of OXTA and the absorption spectrum of 6FDA rules 

out the possibility of energy transfer (Gómez et al., 2005). CT between the OXTA and 

phthalimide moieties is thus accountable for the fluorescence quenching in OXTA-PI. 

For the AZTA modal materials, the orthogonal conformation between the 

triphenylamine and triazole group largely limits the intramolecular CT, resulting in a 

blue-shift of 18 nm in the emission peak in comparison to the emission of OXTA 
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Figure 3.7 PL spectra of (a) OXTA-PI, (b) AZTA-PI and AZTA-PEI in chloroform, 
and (c) P(BPPO)-PI in DMAc. The corresponding monomers, OXTA, AZTA and 
BFOXD, were employed as the references. All the emission spectra were obtained 
with the excitation wavelength of 280 nm. 
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(Figure 3.7(b)). Similar to OXTA-PI, the fluorescence quenching effects in AZTA-PI 

and AZTA-PEI are also induced by CT process between the AZTA and phthalimide 

moieties. The similar fluorescence quenching phenomenon was also observed in 

P(BPPO)-PI when compared to its monomer BFOXD (Figure 3.7(c)). 

 

3.3.2 Electrical Switching and Memory Effects of the Functional Polyimides 

In this section, memory behaviors of all the functional polyimides are described, 

along with that of the previously reported TP6F-PI. As can be seen from the molecular 

structures of the polyimides (Figure 3.2), all the polyimides are based on TP6F-PI, 

which has the simplest structure, i.e., single bond-linked phthalimide and 

triphenylamine moieties. For the rest polyimides, the phthalimide moiety is preserved, 

while the triphenylamine moiety is replaced by some more complicated groups. Thus, 

this section is organized as follows, as shown in Figure 3.8. Firstly, the volatile and 

rewritable DRAM type memory effect of TP6F-PI is described. For OXTA-PI and 

AZTA-PI, an additional mediator group, i.e., oxadiazole and triazole groups, 

respectively, is incorporated between the phthalimide and triphenylamine moieties. 

Non-volatile write-once read-many times (WORM) type memory effect is observed 

for the OXTA-PI and AZTA-PI devices. In comparison to AZTA-PI, an additional 

phenoxyl group is incorporated between the phthalimide and triazole moieties in 

AZTA-PEI. A similar WORM type memory effects with larger switching threshold 

voltage is observed in the AZTA-PEI device. For P(BPPO)-PI, the same phenoxyl 

group is incorporated between the phthalimide and oxadiazole moieties while the 
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triphenylamine moiety is removed. This change in molecular structure results in a 

volatile static random access memory (SRAM) type memory effect in the P(BPPO)-PI 

device. In the following parts, electrical switching and memory effects of the five 

functional polyimides will be elaborated in detail, which are demonstrated by the J-V 

characteristics of their respective ITO/polymer/Al sandwich device. 

 
 

Figure 3.8 Differentiation of the structure scheme in the functional polyimides 
 

Figure 3.9 shows the J-V characteristics of the TP6F-PI device under ambient 

conditions. In the 1st sweep from 0 to 4 V (with Al as the anode and ITO as the 

cathode), the device was initially in the low-conductivity (OFF) state and exhibited an 

abrupt increase in the current density at the switching threshold voltage of about 3.2 V, 

indicating the device transition from the OFF state to the high-conductivity (ON) state. 

This transition corresponds to the “writing” process in a digital memory. The device 
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remained in this high-conductivity state during the subsequent positive sweep (the 2nd 

sweep). The distinct conductivity states in the voltage range of 0 to 3.2 V allowed a 

voltage (e.g., 1.0 V) to read the OFF state or ON state. In the 3rd sweep from 0 to -4 

V, an abrupt decrease in current density was observed at about -2.1 V, indicating the 

device transition from the ON state back to the OFF state. This transition is equivalent 

to the “erasing” process in a digital memory. The device remained in the OFF state 

after this erasing process, as indicated by the subsequent negative sweep (the 4th 

sweep). The OFF state can be further written to the ON state when the switching 

threshold voltage was reapplied, indicating that the memory device was rewritable 

(the 5th and 6th sweeps). The 7th sweep was conducted after turning off the power for 

about 1 min. It was found that the ON state had relaxed to the steady OFF state 

without an erasing process. The short retention time of the ON state indicated that the 

memory device was volatile. However, the device could be reprogrammed to the ON 

state (the 7th and 8th sweeps). The unstable ON state could be electrically sustained 

by a refreshing voltage pulse of 1 V (1 ms duration) in every 5 s (the 9th trace). The 

ability to write, read, erase and refresh the electrical states determines the DRAM 

behavior of the TP6F-PI device. 
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Figure 3.9 J-V characteristics of the ITO/TP6F-PI/Al device under ambient 
conditions. The sequence and direction of each sweep are indicated by the respective 
number and arrow. The 7th and 8th sweeps were conducted sequentially about 1 min 
after turning off the power. The ON state was sustained by a refreshing voltage pulse 
of 1 V (1 ms duration) in every 5 s (the 9th trace). 
 

The variations in switching threshold voltages indicate that conformational relaxations 

of the polymer chains lack behind the corresponding change in electric field (Ling et 

al., 2007; Liu et al., 2009). Except for the slight variations in switching threshold 

voltages, the J-V characteristics and the ON-OFF switching behavior were found to 

have good reproducibility. In addition, the current magnitudes of the devices in both 

states showed linear dependence on the device area, indicating that the current density 

is independent on the device area. The rewritability, good reproducibility, volatile 

nature of the ON state, and area-independent current density, rule out the possibility of 

filament effect (Henisch and Smith, 1974), metal diffusion (Lim et al., 1998; Ma et al., 

2000), and dielectric breakdown. 
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In comparison to TP6F-PI, an oxadiazole mediator group is incorporated between the 

phthalimide and triphenylamine moieties in OXTA-PI. Due to this change in 

molecular structure, non-volatile and non-rewritable WORM type memory effects 

were observed in the OXTA-PI device. Figure 3.10(a) shows the J-V characteristics of 

the OXTA-PI device under ambient conditions. During the 1st negative sweep (with 

Al as the cathode and ITO as the anode) from 0 to -3 V, the device switched from the 

initial OFF state to the ON state at about -1.8 V, with the ON/OFF current ratio on the 

order of 105 at -1 V. Afterwards, the device exhibited good stability in the ON state 

during the subsequent negative and positive sweeps. It did not return to the OFF state 

even after turning off the power (the 2nd sweep) or upon applying a reverse sweep 

(the 3rd sweep). The non-volatile and non-rewritable nature of the ON state 

determines the WORM type memory effects of the OXTA-PI device. In addition, the 

OXTA device can also exhibit electrical switching if the initial electrical sweep is 

positive. As shown in Figure 3.10(b), the device was initially swept positively from 0 

to 3 V. An abrupt increase in the current density was observed at the switching 

threshold voltage of 1.8 V, which is comparable in magnitude to the negative 

switching threshold voltage of -1.8 V. The results indicate that the OXTA device can 

be switched bi-directionally, with comparable positive and negative switching 

threshold voltages. 
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Figure 3.10 J-V characteristics of the ITO/OXTA-PI/Al device under ambient 
conditions. The sequence and direction of each sweep are indicated by the respective 
number and arrow. (a) Negative electrical switching of the OXTA-PI device. (b) 
Positive electrical switching of the OXTA-PI device. 
 

In the AZTA-PI molecule, the oxadiazole mediator group is replaced by the triazole 

group. A similar WORM type memory effects was observed in the AZTA-PI device, 

except for the slightly higher switching threshold voltage (±2.5 V). As shown in 

Figure 3.11, the AZTA-PI device could be switched from the initial OFF state to the 

ON state bi-directionally, with the ON/OFF current ratio on the order of 105 at ±1 V. 

Afterwards, the device was able to retain in the ON state and could not be switched 

back to the OFF state by a reverse bias. The higher switching threshold voltage for 

AZTA-PI is probably attributed to the orthogonal conformation between the triazole 

and pendant triphenylamine moieties, which introduces a higher energy barrier for the 

intramolecular CT (Cacelli et al., 2006; Cacelli et al., 2007). A larger electrical field is 

thus required to overcome the energy barrier and trigger the electrical switching. 
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Figure 3.11 J-V characteristics of the ITO/AZTA-PI/Al device under ambient 
conditions. The sequence and direction of each sweep are indicated by the respective 
number and arrow. (a) Negative electrical switching of the AZTA-PI device. (b) 
Positive electrical switching of the AZTA-PI device. 
 

In comparison to AZTA-PI, an additional phenoxyl group is introduced between the 

phthalimide and triazole moieties in AZTA-PEI. Similar to the OXTA-PI and 

AZTA-PI devices, the non-volatile and rewritable WORM type memory effect was 

also observed in the AZTA-PEI device. However, as the flexible phenoxyl group 

enhances intramolecular twisting of the AZTA-PEI molecule, the energy barrier for 

intramolecular CT is further increased. As a result, an even larger switching threshold 

voltage (±3.2 V) is observed for the AZTA-PEI device, as shown in Figure 3.12. 

  
 
Figure 3.12 J-V characteristics of the ITO/AZTA-PEI/Al device under ambient 
conditions. The sequence and direction of each sweep are indicated by the respective 
number and arrow. (a) Negative electrical switching of the AZTA-PEI device. (b) 
Positive electrical switching of the AZTA-PEI device. 
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In comparison to OXTA-PI, an additional phenoxyl group is introduced into the 

P(BPPO)-PI molecule between the phthalimide and oxadiazole moieties, while the 

pendant triphenylamine moiety is removed. This change in molecular structure results 

in. a volatile SRAM type memory effect for the P(BPPO)-PI device. The J-V 

characteristics of the P(BPPO)-PI device under ambient conditions are shown in 

Figure 3.13. During the 1st positive sweep from 0 to 4 V, the device switched from the 

initial OFF state to the ON state at 2.3 V. The device remained in the ON state when 

the positive voltage sweep was repeated (the 2nd sweep). The memory device cannot 

be reset to the initial OFF state by the application of a reverse sweep (the 3rd sweep) 

and is thus irreversible. The ON state can be retained for a period of about 4 min after 

turning off the power, after which the device relaxed back to the OFF state, indicating 

the ‘remanent’, yet volatile, nature of the ON state. The device can be switched to the 

ON state again when the reverse threshold voltage was applied (-2.5 V in the 4th 

sweep). It remained in the ON state when the negative sweep was repeated (the 5th 

sweep). The results suggest that the P(BPPO)-PI device can be written bi-directionally 

at positive and negative switching threshold voltages of comparable magnitude. The 

6th sweep was conducted about 4 min after turning off the power. The device was 

found to have relaxed to the OFF state again without any erasing process. The ON 

state can be re-programmed when the reverse threshold voltage (-2.4 V in the 6th 

sweep) was reapplied. The volatile ON state can be electrically sustained by a 

refreshing voltage pulse of -1 V (1 ms duration) in every 5 s (the ‘rf’ trace in Figure 

3.13). The ‘remanent’, yet volatile, nature of the ON state, as well as the randomly 
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accessible ON and OFF states in the P(BPPO)-PI device, shares the common features 

of a SRAM. 

 
 
Figure 3.13 J-V characteristics of the ITO/P(BPPO)-PI/Al device under ambient 
conditions. The sequence and direction of each sweep are indicated by the respective 
number and arrow. The 4th and 6th sweeps were conducted about 4 min after turning 
off the power. The ON state was sustained by a refreshing pulse of -1 V (1 ms 
duration) in every 5 s, as shown by the “rf” trace. 
 

3.3.3 Memory Performances of the Functional Polyimides 

In addition to the memory effect, some other parameters, such as stability and read 

cycles, are of equal importance to the performance of a memory device. All of these 

parameters were evaluated under ambient conditions.  
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Figure 3.14 Effect of operation time on the ON and OFF state currents of (a) 
ITO/TP6F-PI/Al device, (b) ITO/OXTA-PI/Al device, (c) ITO/AZTA-PI/Al device, (d) 
ITO/AZTA-PEI/Al device, and (e) ITO/P(BPPO)-PI/Al device, under a constant stress 
of -1 V.  

Fig. 3.14(a)~(e) show the effect of operation time on the stability of the polyimide 

devices. Under a constant stress of -1 V, no obvious degradation in current density 

was observed for both the ON and OFF state currents of the polyimide devices over 

several hours. 
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Figure 3.15 Effect of read pulses of -1 V on the ON and OFF state currents of (a) 
ITO/TP6F-PI/Al device, (b) ITO/OXTA-PI/Al device, (c) ITO/AZTA-PI/Al device, (d) 
ITO/AZTA-PEI/Al device, and (e) ITO/P(BPPO)-PI/Al device. The insets of (a) ~ (e) 
show the pulse used for measurement. 
 

The effect of continuous read cycles on the ON and OFF states was also investigated, 

as shown in Figure 3.15. After more than one hundred million (108) read pulses of -1 

V, no degradation in current densities was observed for both the ON and OFF state 

current, indicating that the memory device is stable and insensitive to the read pulses. 
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3.3.4 Switching Mechanism 

To compare the memory effects of the functional polyimides clearly, the molecular 

structures of the five polyimides and their respective memory effects are summarized 

in Table 3.3. In the following sections, mechanisms underlying the various memory 

effects of the functional polyimides will be studied with the aid of molecular 

simulation and experimental characterizations. The variation in memory effects are 

found to arise from the different molecular conformations, polarities, and stability of 

the CT states, associated with the different electron donor moieties. 

 

3.3.4.1 Switching Mechanism of TP6F-PI 

To understand the switching behavior of the TP6F-PI memory device, the electronic 

properties of TP6F-PI in the ground state were studied by density function theory 

(DFT). Calculations of the molecular orbitals, dipole moment and ESP surface of the 

basic unit (BU), taking into account the two functional moieties, i.e., the phthalimide 

and triphenylamine moieties, were carried out at the B3LYP/6-31G(d) level with 

Gaussian 03 program package (Frisch et al., 2004). The trifluoromethyl groups of 
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Table 3.3 Summary of the memory effects of all the five functional polyimides 

 

Material Molecular Structure 
Memory 

Effect 
Write Read Erase Refresh Volatile 

TP6F-PI 

 

DRAM √ √ √ + √ 

OXTA-PI 

 

WORM √ √ × O × 

AZTA-PI 

 

WORM √ √ × O × 

AZTA-PEI 

 

WORM √ √ × O × 

POXD-PI SRAM √ √ × + √ 

√ - Yes or able; × - No or unable; + - Necessary; O - Unnecessary 
 

TP6F-PI were not included in the calculation because they probably do not 

significantly affect the electronic properties of the BU (LaFemina, 1989). The highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) of the BU, as well as the plausible electronic transitions under excitations, 

are demonstrated in Figure 3.16. As can be seen, the HOMO is located mainly on the 

triphenylamine moieties, while the LUMO is located on the phthalimide moieties, 
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indicating that in the polyimide, the triphenylamine moiety acts as the electron donor 

and the phthalimide moiety acts as the electron acceptors. In addition, the two higher 

excited energy levels, LUMO2 and LUMO3, are located on the phthalimide and 

triphenylamine moieties, respectively. Under excitations with sufficient energy, 

electrons in the ground state of TP6F-PI can transit to the various excited states. 

 

 
 
Figure 3.16 Molecular orbitals of the TP6F-PI BU and the plausible electronic 
transitions under the electric field 
 

When the applied electric field reaches the switch-on voltage, some electrons at the 

HOMO of TP6F-PI accumulate sufficient energy and transit to LUMO3 within the 

triphenylamine to form the locally excited state. Excitation of the triphenylamine 

moiety leads to a decrease in ionization potential and thus facilitates the CT at the 

excited state. CT can occur indirectly from LUMO3 to LUMO2, then to LUMO 



 71

located at the phthalimide moieties, or directly from HOMO to LUMO, to form the 

conductive CT state. Under the electric field, the generated holes can delocalize to the 

conjugated triphenylamine groups, giving rise to an open channel in the HOMO of 

TP6F-PI for the charge carriers (holes) to migrate through. As a result, the current 

density increases rapidly to switch the device to the ON state. The conduction process 

dominated by hole migration through the HOMO is consistent with the widely known 

applications of aromatic polyimides with donor moieties as hole transporting layers in 

electroluminescence devices (Wang et al., 1998; Wang et al., 2000). As the TP6F-PI 

chains are non-conjugated, charge carriers probably do not move along the polymer 

backbone. Instead, they probably hop between neighboring triphenylamine moieties 

(either in the same or neighboring polymer chains) (Freilich, 1987; Lee et al., 1998; 

Oh-e et al., 2002; Grazulevicius et al., 2003). 

 

However, the ON state of TP6F-PI could not be sustained due to the limited charge 

delocalization in the propeller-like triphenylamine moieties (Chen et al., 2007). A 

reverse bias of about -2.1 V, or removal of the electric field, can dissociate the CT 

complex and return the device to the initial OFF state. A volatile and rewritable ON 

state is thus observed in the TP6F-PI device. 

 

Molecular simulation of TP6F-PI in the excited state was also carried out to further 

demonstrate the above CT process. Optimized geometry, ESP surface, and dipole 

moment of the TP6F-PI BU in the excited state were studied at the CIS/6-31G(d) 
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level with the Gaussian 03 program package. The corresponding electronic properties 

of BU in the ground state were employed as the reference. Figure 3.17 summarizes 

the molecular simulation results of both the ground and excited states. From the ESP 

surfaces, it can be seen that TP6F-PI at both states consist mainly of positive ESP 

region, with some minor negative ESP regions arising from the sp2 hybridized O 

atoms in the phthalimide group. As ESP is the potential energy of a proton at a 

particular location of a molecule, it can reflect the local electron density. Accordingly, 

the negative ESP regions in TP6F-PI suggest concentrated local electron densities 

around the phthalimide moiety which possess certain electron-withdrawing ability 

(Aleksandrova et al., 2001). In comparison to TP6F-PI in the ground state, TP6F-PI in 

the excited state exhibits larger negative regions around the phthalimide moiety, 

indicating that under excitation, electron will transfer to the phthalimide moiety from 

other parts in the molecule. This electronic process is consistent with the electric field 

induced electron transfer process from the triphenylamine moieties to the phthalimide 

moieties, as mentioned above. The electron transfer process can also supported by the 

enhanced dipole moment of TP6F-PI in the excited state (2.34 Debye) in comparison 

to that in the ground state (2.06 Debye) (Kishore et al., 2008).  

 

Following the above electron transfer process, the TP6F-PI molecule also undergoes a 

small conformational change under the applied electric field, as indicated by the 

different optimized geometries of the BU in the ground and excited states (Figure 

3.17). Due to the steric effect of the carbonyl groups in the phthalimide moieties, 
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TP6F-PI exhibits a pre-twisted conformation, with the dihedral angle between the 

phthalimide and triphenylamine moieties (θ1) being 42.1°. Upon excitation, this 

dihedral angle undergoes a slight increase to 43.9°. However, when some mediator 

group, such as the oxadiazole, triazole or phenoxyl group, is incorporated into the 

polyimide molecule, much more significant molecular twisting will be observed, with 

change in dihedral angle between the phthalimide plane and the adjacent benzene ring 

being 13.8° ~ 17.4°, which will be demonstrated by the molecular simulation results 

of OXTA-PI, AZTA-PI, AZTA-PEI and P(BPPO)-PI in the following sections. The 

larger chain twisting in these polyimide molecules is probably due to the fact that 

incorporation of the mediator group increases the free volume in the polymer matrix 

(Brar and Markanday, 2005), making the polymer chain more flexible and easier to 

undergo conformational change under the electric field. For the TP6F-PI molecule, 

the relatively small dihedral angle in the excited state cannot place a sufficient energy 

barrier for dissociation of the CT complexes (Cacelli et al., 2006). As a result, the 

conductive CT complexes can be dissociated either by a reverse bias or turning off the 

power. In addition, due to the absence of any mediator group, the dipole moment of 

the TP6F-PI molecule is relatively small (2.06 Debye for the ground state and 2.34 

Debye for the excited state), which cannot hold the conductive CT state effectively. 

Thus, the volatile and rewritable DRAM type memory effect was observed in the 

TP6F-PI device. 
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Figure 3.17 Dipole moments, ESP surfaces, optimized geometries of the TP6F-PI BU, 
and dihedral angles (θ1) between the phthalimide and adjacent benzene ring planes in 
the ground and excited state. For ESP surfaces, the positive ESP regions are in red, 
whereas the negative ESP regions are in blue. 
 

3.3.4.2 Switching Mechanism of OXTA-PI 

The electronic properties of OXTA-PI were also studied at the B3LYP/6-31G(d) level 

with the Gaussian 03 program package. The HOMO and LUMOs of the BU, as well 

as the plausible electronic under excitations, are demonstrated in Figure 3.18. The 

HOMO of OXTA-PI is located mainly on the triphenylamine moieties, while the first 

LUMO (LUMO1) is located on the phthalimide moieties, indicating that in this 

copolymer, the triphenylamine moiety acts as the main electron donors and the 

phthalimide moiety acts as the electron acceptors. In addition to LUMO1, the two 

higher LUMOs, i.e., LUMO2 and LUMO3, distribute on the oxadiazole moieties, 
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suggesting that the oxadiazole moieties can serve as the mediators to facilitate the 

intramolecular CT. Upon excitation, electrons at HOMO can transit locally to 

LUMO4 on the triphenylamine moieties, and then relax to LUMO1 via the 

intermediate LUMO2 and LUMO3, or transit directly to LUMO1, giving rise to the 

CT state. Under the electric field, the generated holes can delocalize among the 

triphenylamine donor moieties, generating an open channel in the HOMO for the 

charge carriers (holes) to migrate through. Thus, the current density increases rapidly 

to switch the device to the high-conductivity (ON) state. 

 

Figure 3.18 Molecular orbitals of the OXTA-PI BU and the plausible electronic 
transitions under the electric field 

 

The possibility that the electrical switching arises from charge (hole) injection process 
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can be eliminated by the symmetrical bi-directional switching, with comparable 

positive and negative switching threshold voltages, in the ITO/OXTA-PI/Al device 

(Figure 3.10). If the hole injection process plays the dominant role, the device should 

exhibit asymmetrical switching or uni-directional switching phenomenon (Ling et al., 

2007) due to the difference in energy barriers for hole injection under different 

applied biases (0.84 eV for hole injection into the HOMO from Al under positive 

electrical sweep and 0.32 eV for hole injection into the HOMO from ITO under 

negative electrical sweep). 

 

Molecular simulation of OXTA-PI in the excited state was also carried out to further 

elucidate the above CT process, as shown in Figure 3.19. In comparison to TP6F-PI, 

the negative ESP surfaces of OXTA-PI also arise from the sp2 hybridized N atoms in 

the oxadiazole group, in addition to the sp2 hybridized O atoms in the phthalimide 

group. Upon excitation, the negative ESP regions around the phthalimide group 

become larger while the negative region around the oxadiazole becomes smaller, 

indicating electron transfer from the oxadiazole moiety to the phthalimide moiety. 

This electronic process is consistent with the electric field induced CT from the 

oxadiazole-substituted triphenylamine donor moieties to the phthalimide acceptor 

moieties, as shown in Figure 3.18. The electron transfer process can also be supported 

by the enhanced dipole moment of OXTA-PI in the excited state (5.39 Debye) in 

comparison to that in the ground state (4.00 Debye). 
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Figure 3.19 Dipole moments, ESP surfaces, optimized geometries of the OXTA-PI 
BU, and dihedral angles (θ1) between the phthalimide and adjacent benzene ring 
planes in the ground and excited state. For ESP surfaces, the positive ESP regions are 
in red, whereas the negative ESP regions are in blue. 
 

In comparison to TP6F-PI, OXTA-PI has larger free volumes in the polymer matrix, 

due to presence of the oxadiazole mediator and pendant triphenylamine moiety. As a 

result, the OXTA-PI molecule is easier to undergo chain twisting under the electric 

field, following the above CT process. This conformational change can be 

demonstrated by the different optimized geometries of the OXTA-PI BU in the ground 

and excited states. Upon excitation, the dihedral angle between the phthalimide plane 

and the adjacent benzene ring (θ1) is found to exhibit an increase from 42.2° to 58.8°, 

which is much more significant than that occurs in the TP6F-PI molecule. The more 

twisted conformation in the excited state decouples the triphenylamine-substituted 

oxadiazole donor and phthalimide acceptor moieties, and generates an energy barrier 

which prevents dissociation of the CT complexes. As a result, the conductive CT 
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states can be sustained, and the ON state is retained. Even a reverse bias of the same 

magnitude cannot overcome the energy barrier and dissociate the CT complexes. In 

addition, the relatively large excited state dipole moment (5.39 Debye) of OXTA-PI 

can also help to stabilize the CT state. Thus, non-volatile and non-rewritable WORM 

type memory effect was observed in the OXTA-PI device. 

 

Forrest et al. have reported WORM memory devices based on poly(ethylene 

dioxythiophene) (PEDOT):polystyrene sulfonic acid (PSS) films (Möller et al., 2003; 

Smith and Forrest, 2004). The switching of the PEDOT:PSS film from the ON state to 

the OFF state was explained by a simple un-doping process. Thermal effects arising 

from Joule heating play a significant role in destabilizing the PEDOT:PSS complex 

formed by CT interaction (Smith and Forrest, 2004). To further understand the 

switching phenomenon in OXTA-PI, thermal effects on the OXTA device were 

investigated. The switching behavior of a device before and after heating is shown in 

Figure 3.20(a). The device was initially in the OFF state and exhibited abrupt 

switching to the ON state at -1.8 V (the 1st sweep). Afterwards, it retained in the ON 

state during the subsequent negative and positive sweeps (the 2nd and 3rd sweeps). 

However, after being heated at 150oC for 10 min under vacuum and then cooled to 

room temperature, the device was found to have relaxed from the ON state back to the 

OFF state (the 4th sweep). This switch-off phenomenon is probably because at 

elevated temperature, the polyimide molecule becomes more flexible and tends to 

relax to its initial less twisted conformation. As a result, the energy barrier for 
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dissociation of the CT complexes disappears, and electrons transfer back to the donor 

moieties from the acceptor moieties, switching the device back to the OFF state. This 

phenomenon is similar to the conductivity decrease by thermal un-doping of PEDOT 

at elevated temperature reported previously (Pei et al., 1994).  

 

In addition, the ON state current at different testing temperatures was also studied. As 

shown in Figure 3.20 (b), the ON state current density increases slightly with increase 

in temperature. According to filamentary theory (Segui et al., 1976; Henisch and 

Smith, 1974), the ON state current exhibits metallic current-voltage characteristics 

and will increase as the temperature is decreased. Thus, the filamentary conduction 

effect can be excluded from the electrical switching phenomena in the present device. 

 

   
Figure 3.20 (a) J-V characteristics of an ITO/OXTA-PI/Al device. The sequence and 
direction of each sweep are indicated by the respective number and arrow. The 4th ~ 
6th sweeps were conducted sequentially after heating the device at 150oC for 10 min 
under vacuum. (b) ON state current density measured at -1 V under different 
temperatures. 

3.3.4.3 Switching Mechanism of AZTA-PI 

The molecular orbitals, dipole moment, and ESP surface of the AZTA-PI BU, were 
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also studied with the Gaussian 03 software. The HOMO and LUMOs of AZTA-PI, as 

well as the plausible electronic transition under the electric field, are demonstrated in 

Figure 3.21.  

 
Figure 3.21 Molecular orbitals of the AZTA-PI BU and the plausible electronic 
transitions under the electric field 

 

Similar to OXTA-PI, the HOMO and LUMO1 of AZTA-PI are also located on the 

triphenylamine and phthalimide moieties, respectively, indicating that these two 

moieties act as the electron-donor and -acceptor, respectively. The triazole group 

serves as the mediator to facilitate the intramolecular CT, similar to the effect of 

oxadiazole group in OXTA-PI. Upon excitation, electron transfer occurs from HOMO 
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to LUMO1, either directly or indirectly via the intermediate LUMO2, LUMO3 and 

LUMO4, giving rise to the conductive CT state. This electronic transition can be 

supported by the enhanced negative ESP region around the phthalimide group and 

diminished negative ESP region around the triazole group, as well as the increased 

dipole moment, in the excited AZTA-PI molecule, as shown in Figure 3.22. 

 

 
 
Figure 3.22 Dipole moments, ESP surfaces, optimized geometries of the AZTA-PI 
BU, and dihedral angle (θ1) between the phthalimide and adjacent benzene ring planes 
in the ground and excited state. For ESP surfaces, the positive ESP regions are in red, 
whereas the negative ESP regions are in blue. 
 

Following the above CT process, the AZTPA-PI also undergoes chain twisting under 

the applied electric field, as indicated by the increase in dihedral angle between the 

phthalimide plane and the adjacent benzene ring (θ1) from 42.9° in the ground state to 
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60.3° in the excited state (Figure 3.22). The enhanced dihedral angle in the excited 

state generates an energy barrier for dissociation of the CT complexes, and results in 

the non-rewritable feature of the ON state. In addition, the large excited state dipole 

moment (8.39 Debye) can stabilize the conductive CT state effectively, making the 

ON state non-volatile. 

 

As shown in Figure 3.10 and 3.11, the AZTA-PI device exhibits a larger switching 

threshold voltage (±2.5 V) than that of the OXTA-PI device (±1.8 V). As the 

oxadiazole and triazole groups possess comparable ionization potential (IP) and 

electron affinity (EA) (Chen and Chen, 2005; Jansson et al., 2006), their effects on the 

intramolecular CT are similar, ruling out their possibility to affect the switching 

threshold voltage. As indicated by the optimized geometries of OXTA-PI and 

AZTA-PI (Figure 3.19 and 3.22), the main difference consists in the torsional angles 

between the pendant triphenylamine moiety and the oxadiazole/triazole moiety. The 

larger torsional angle (85.7°) in AZTA-PI in comparison to that (1.7°) in OXTA-PI 

can place a much higher energy barrier for the intramolecular CT, accounting 

probably for the larger switching threshold voltage of the AZTA-PI device. To figure 

out the above assumption, molecular orbitals and potential energies were calculated 

for the oxadiazole-triphenylamine (OXZ-TPA) and triazole-triphenylamine (TAZ-TPA) 

modal materials (molecular structures shown in Figure 3.23), of which the dihedral 

angles were set the same as those of the corresponding segments in OXTA-PI (1.7°) 

and AZTA-PI (85.7°), respectively. Another triazole-triphenylamine modal material 
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(TAZ-TPA-R) with the same dihedral angle as that of OXZ-TPA (1.7°) was studied as 

the reference. As shown in Figure 3.23, OXZ-TPA and TAZ-TPA-R with similar 

planar conformation are found to possess comparable HOMO and LUMO energy 

levels and thus the HOMO-LUMO energy gaps (3.66 eV and 3.67 eV, respectively), 

further suggesting similarity in the electronic properties of the oxadiazole and triazole 

groups. The HOMO-LUMO energy gap of TAZ-TPA (4.42 eV), however, is much 

larger, due to its nearly orthogonal conformation. As the HOMOs of the modal 

materials are mainly located at the triphenylamine moiety, and the LUMOs are located 

at the oxadiazole/triazole moiety, the HOMO-LUMO energy gap corresponds to the 

energy barrier for intramolecular CT between the triphenylamine donor and the 

oxadiazole/triazole acceptor moieties. Accordingly, the larger HOMO-LUMO energy 

gap of TAZ-TPA indicates that a larger energy is required to trigger the corresponding 

intramolecular CT. Thus, a larger switching threshold voltage is observed in the 

AZTA-PI device. In addition, the HOMO-LUMO energy gap of TAZ-TPA is 0.76 eV 

larger than that of OXZ-TPA, which is consistent with the 0.7 V larger switching 

threshold voltage of the AZTA-PI device in comparison to that of the OXTA-PI 

device. 
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Figure 3.23 Molecular orbitals and energy levels of the OXZ-TPA, TAZ-TPA and 
TAZ-TPA-R modal materials. The dihedral angle between the triphenylamine and 
oxadiazole/triazole moieties in OXZ-TPA and TAZ-TPA are set the same as those of 
the corresponding segments in OXTA-PI and AZTA-PI, respectively, while the 
dihedral angle of TAZ-TPA-R is set the same as that of OXZ-TPA. 
 

3.3.4.4 Switching Mechanism of AZTA-PEI 

In comparison to AZTA-PI, the AZTA-PEI molecule has a similar molecular structure, 

except for an additional phenoxyl group between the triazole and phthalimide 

moieties. The similarity in the molecular structures determines that the AZTA-PEI 

device exhibits a similar WORM type memory effect as the AZTA-PI device, as 

shown in Figure 3.12. In addition, similar electronic excitations are believed to occur 
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in the AZTA-PEI molecule under the electric field, as demonstrated in Figure 3.24. 

This electric field-induced CT process can also be supported by changes in the dipole 

moment and the size of negative ESP regions upon excitation (Figure 3.25). 

 

 
 
Figure 3.24 Molecular orbitals of the AZTA-PEI BU and the plausible electronic 
transitions under the electric field 
 

Similar to OXTA-PI and AZTA-PI, the AZTPA-PEI molecule also undergoes electric 

field-induced conformation twisting, following the above CT process. As 

demonstrated in Figure 3.25, the dihedral angles between the phthalimide plane and 

the adjacent benzene ring (θ1) increases from 41.1° to 54.9° upon excitation. 

Moreover, an additional twisting between the phenoxyl plane and the triazole plane is 

also observed, with the dihedral angle (θ2) increasing from 66.7° in the ground state to 
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72.8° in the excited state. The more twisted conformation in the excited state helps to 

stabilize the conductive CT (ON) state.  

 

 

 
Figure 3.25 Dipole moments, ESP surfaces, and optimized geometries of the 
AZTA-PEI BU in the ground and excited states. θ1 denotes the dihedral angle between 
the phthalimide and adjacent benzene ring planes, and θ2 denotes the dihedral angle 
between the triazole and adjacent benzene ring planes. For ESP surfaces, the positive 
ESP regions are in red, whereas the negative ESP regions are in blue. 
 

The only difference between the memory effects of AZTA-PI and AZTA-PEI consists 

in their switching threshold voltages, with the value of AZTA-PEI (±3.2 V) being 

larger than that of AZTA-PI (±2.5 V). The larger switching threshold voltage of 

AZTA-PEI probably arises from incorporation of the additional flexible phenoxyl 

group, which increases the twisting degree of the molecules and introduces an 

additional energy barrier for the intramolecular CT. As a result, a larger bias is 

required to overcome the extra energy barrier, resulting in the larger switching 

threshold voltage for the AZTA-PEI device. 
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3.3.4.5 Switching Mechanism of P(BPPO)-PI 

In comparison to OXTA-PI, an additional phenoxyl group is introduced into the 

P(BPPO)-PI molecule between the phthalimide and oxadiazole moieties, while the 

pendant triphenylamine moiety is removed. This change in molecular structure results 

in a significant change in the memory effect. Different from the nonvolatile WORM 

type memory effect of OXTA-PI, P(BPPO)-PI exhibits a volatile SRAM type memory 

effect, as shown in Figure 3.13. In order to better understand this novel memory effect, 

molecular simulation and experimental characterization were carried out to study the 

electronic properties of P(BPPO)-PI. 

 

Figure 3.26 demonstrates the HOMO and LUMOs of the P(BPPO)-PI BU, taking into 

account the phthalimide, 2,5-bis(4-phenoxyphenyl)-1,3,4-oxadiazole (BPPO), and 

phenoxyl mediator moieties. As can be seen, the HOMO is located mainly on the 

BPPO moieties, while the first LUMO (LUMO1) is located on the phthalimide 

moieties, indicating that in the copolymer, the BPPO moiety acts as the electron donor 

and the phthalimide moiety acts as the electron acceptor. In addition, the two higher 

excited energy levels (LUMO2 and LUMO3) are distributed over all the BU. Under 

excitations, similar electronic excitations occur in the P(BPPO)-PI molecule as those 

happen in the above OXTA-PI, AZTA-PI and AZTA-PEI molecules. When the applied 

electric field reaches the switch-on voltage, some electrons at the HOMO of 

P(BPPO)-PI accumulate sufficient energy and transit to the LUMO2 and LUMO3, 

due to overlapping of the HOMO with these LUMOs at the oxadiazole moieties, to 



 88

result in the excited state. As the LUMO2 and LUMO3 are distributed over the entire 

BU, the excited electrons on the oxadiazole moieties can delocalize readily to the 

phthalimide moieties, which has a higher electron affinity and where they can relax to 

the lowest excited singlet state via internal conversion. As a result, CT complexes 

between the BPPO and phthalimide moieties are formed. In addition to the indirect 

CT process, CT can also occur via direct electron transition from the HOMO to the 

LUMO. As the CT state is conductive, the current density increases rapidly to switch 

the P(BPPO)-PI device to the ON state. Although the oxadiazole derivatives are 

widely used as electron-transporting materials in electroluminescence devices, they do 

not possess high hole-blocking properties (Kidoe et al., 1994). It is reported that holes 

can migrate successfully through a 2-(4-biphenylyl)-5-(4-tert-butylphenyl)- 

1,3,4-oxadiazole (PBD) film with thickness as high as 30 nm (Kido et al., 1993). Thus, 

it is reasonable that the BPPO moieties in P(BPPO)-PI can act as a hole-transporting 

pathway, albeit not as efficient as some strong electron donor species. 

 



 89

 
 

Figure 3.26 Molecular orbitals of the P(BPPO)-PI BU and the plausible electronic 
transitions under the electric field 
 

Molecular simulation of P(BPPO)-PI in the excited state was also carried out to study 

the above electronic transition. As shown in Figure 3.27, upon excitation, the dipole 

moment of the P(BPPO)-PI molecule was increased, and the negative ESP region at 

the phthalimide group was enhanced, further supporting the electronic transfer from 

the oxadiazole donor moiety to the phthalimide acceptor moiety via the phenoxyl 

mediator (Huang et al., 2002). Thereafter, the P(BPPO)-PI molecule undergoes 

electric field-induced conformation twisting, similar to those happen in the OXTA-PI, 

AZTA-PI and AZTA-PEI molecules. As shown in Figure 3.27, upon excitation, the 

dihedral angle between the phthalimide plane and the phenoxyl plane (θ1) is found to 

increase from 40.1°to 54.6°, and the dihedral angle between the phenoxyl plane and 

the oxadiazole plane (θ2) increases from 67.1° to 72.7°. The increased torsional 

displacement between the oxadiazole and phthalimide moieties in the excited state 
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reduces the effective conjugation of the π electrons between neighboring aromatic 

moieties, and generate an intramolecular energy barrier for dissociation of the CT 

complexes. As a result, the conductive CT state can be sustained, and the ON state is 

retained. Even a reverse bias cannot dissociate the CT complexes and reset the ON 

state to the initial OFF state. Nevertheless, the polymer relaxes to its original 

conformation sometime after removal of the applied electric field. The dihedral angles 

between the component aromatic moieties decrease to their initial levels and the 

energy barrier disappears (Cacelli et al., 2006). As determined from the molecular 

simulation results, the dipole moment of P(BPPO)-PI in the excited state is only 3.06 

Debye, which is probably not high enough to retain the CT states. As a result, the 

conductive CT states are not stable and dissociate after sometime upon removal of the 

electric field, resulting in the eventual loss of the ON state and the volatile nature of 

the memory effect. 

 
Figure 3.27 Dipole moments, ESP surfaces, and optimized geometries of the 
P(BPPO)-PI BU. θ1 denotes the dihedral angle between the phthalimide and adjacent 
benzene ring planes, and θ2 denotes the dihedral angle between the oxadiazole and 
adjacent benzene ring planes. For ESP surfaces, the positive ESP regions are in red, 
whereas the negative ESP regions are in blue. 
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To elucidate the above conformation-coupled CT processes experimentally, 

UV-visible absorption spectrum of the solid state P(BPPO)-PI film with and without 

the applied electric field was studied. A liquid Hg droplet was employed as the top 

electrode in place of the Al contact. After an electrical sweep from 0 to -4 V (with ITO 

as the ground electrode), the Hg electrode was removed and the resultant UV-visible 

absorption spectrum was compared with the pristine spectrum before the electrical 

sweep. In Figure 3.28, OFF-1, ON-1 and OFF-2 denote, respectively, the absorption 

spectra of P(BPPO)-PI film spin-coated on ITO substrate measured before, 

immediately after, and 3 h after the electrical sweep. The P(BPPO)-PI film was found 

to exhibit a broad absorption band between 500 nm ~ 700 nm and an absorption 

shoulder at 360 nm (OFF-1 spectrum), which are associated, respectively, with the 

absorption of CT complexes in the ground state (Benson-Smith et al., 2007) and the 

formation of π-π stacks of the oxadiazole units (Lee et al., 2006; Paul et al., 2008). 

Upon excitation by an applied electric field, the intensities of both absorption bands 

are enhanced (ON-1 spectrum). The increase in intensity of the CT absorption band is 

consistent with an increase in concentration of the CT state, arising from the 

conformation-coupled CT induced by the applied electric field. The increase in 

concentration of the conductive CT state leads to the switching of the P(BPPO)-PI 

device from the OFF state to the ON state. Due to CT from the oxadiazole donors to 

the phthalimide acceptors, the oxadiazole groups become positively charged. Driven 

by the applied electric field, the charged oxadiazole groups have the tendency to 

interact with the neighboring neutral oxadiazole groups, forming the partial or full 



 92

face-to-face conformation (Teo et al., 2006). Thus, the π-π stacking of the oxadiazole 

groups is enhanced, as indicated by the increase in intensity of the absorption shoulder 

at about 360 nm. The increased extent of face-to-face conformation of the conjugated 

oxadiazole groups also facilitates the migration of charge carriers and sustains the ON 

state. Sometime after removal of the electric field, the conformation of the polymer 

chain relaxes to its initial state and the induced intramolecular CT disappears. Thus, 

the concentration of CT complexes decreases to the initial level, and the extent of 

face-to-face conformation of the oxadiazole moieties also relaxes to the initial level. 

As a result, the original OFF-state absorption spectrum is recovered (OFF-2 spectrum). 

The effect of applied electric field on the absorption spectrum of P(BPPO)-PI film 

provides further support to the conformation-coupled CT process in P(BPPO)-PI. The 

CT absorption band is located at around 560 nm, indicating that the CT process occurs 

with the highest probability at about 2.2 eV. This energy value is comparable to the 

switching threshold voltage (~ 2.3 V) in the J-V characteristics, consistent with the 

threshold voltage-induced CT process. 
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Figure 3.28 UV-visible absorption spectra of the P(BPPO)-PI film spin-coated on 
ITO substrate. OFF-1, ON-1, and OFF-2 denote, respectively, the absorption spectra 
of the P(BPPO)-PI films measured before, immediately after, and 3 h after an 
electrical sweep (0 to -4 V, with a removable Hg droplet as the working electrode and 
ITO as the ground electrode). 
 

In the above mentioned OXTA-PI, AZTA-PI and AZTA-PEI molecules, the pendant 

triphenylamine group possesses strong electron-donating ability and can significantly 

enhance the hole delocalization (Redecker et al., 1999). It can also enhance the 

polarity of the three polyimide molecules. The molecular simulation results show that 

the dipole moment of OXTA-PI, AZTA-PI and AZTA-PEI in excited state are 5.39 

Debye, 8.39 Debye and 6.61 Debye, respectively, much larger than that of 

P(BPPO)-PI (3.06 Debye). The effective charge delocalization and large excited state 

dipole moment help to stabilize the conductive CT state. As a result, the ON states of 

the OXTA-PI, AZTA-PI and AZTA-PEI devices are non-volatile and can survive even 

after turning off the power. However, for the P(BPPO)-PI molecule, due to the 

absence of the strong triphenylamine donor group, the dipole moment is relatively 
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small (3.06 Debye in the excited state), which cannot hold the conductive CT state 

effectively. In addition, the hole delocalization in the weak oxadiazole donor group is 

limited, making the CT state unstable. As a result, the ON state of P(BPPO)-PI will 

relax to the initial OFF state sometime after turning off the power, when the polyimide 

molecule relaxes to its initial less twisted conformation and the energy barrier for 

dissociation of the CT complexes disappears. SRAM type memory effect with volatile 

ON state is thus observed in the P(BPPO)-PI device. In addition, the ON state current 

densities for the P(BPPO)-PI device is lower than those of the OXTA-PI, AZTA-PI 

and AZTA-PEI devices by about two orders, further evidencing the poor 

hole-delocalizing and -transporting feature of the oxadiazole group in comparison to 

that of the triphenylamine group (Khan et al., 2007). 
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3.4 Conclusion 

A series of solution-processable functional polyimides, OXTA-PI, AZTA-PI, 

AZTA-PEI and P(BPPO)-PI, containing both electron-donor and -acceptor moieties, 

were designed and studied for their bistable electrical switching and memory effects. 

Memory devices based on the four polyimides are all able to exhibit bi-directional 

electrical switching from the initial OFF state to the ON state. The molecular 

simulation results indicate that electric field-induced CT between the donor and 

acceptor moieties accounts for the observed electrical switching. In comparison to 

the previously reported TP6F-PI molecule, oxadiazole or triazole group is 

incorporated into these four polyimides. This change in molecular structure increases 

the polymer flexibility and facilitates the electric field-induced conformational 

change, which can introduce an energy barrier for dissociation of the conductive CT 

complexes. As a result, more stable ON states were observed in the four memory 

devices, in comparison to that of the TP6F-PI device. Memory devices based 

OXTA-PI, AZTA-PI and AZTA-PEI exhibited similar WORM type memory effects, 

with comparable ON and OFF current densities. The only difference is in their 

switching threshold voltages, with those of the OXTA-PI, AZTA-PI and AZTA-PEI 

device being ±1.8 V, ±2.5 V, and ±3.2 V, respectively. The larger switching threshold 

voltage of AZTA-PI than that of OXTA-PI arises probably from the large energy 

barrier for intramolecular CT placed by the orthogonal conformation between the 

triazole and triphenylamine moieties. The further increase in threshold voltage in 
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AZTA-PEI is associated with the additional energy barrier for intramolecular CT 

introduced by the flexible phenoxyl group. For P(BPPO)-PI, due to absence of the 

strong triphenylamine donor group, the dipole moment is relatively small and the 

charge delocalization in the weak oxadiazole donor moiety is limited, resulting in an 

unstable conductive CT state. Volatile SRAM type memory effect is thus observed in 

the P(BPPO)-PI device, different from the non-volatile WORM type memory effects 

observed in the OXTA-PI, AZTA-PI and AZTA-PEI devices. The results indicate 

that memory effects of the functional polyimides are dependant to a large extent on 

their molecular structures. Thus, it is possible to tune the memory properties of 

functional polyimide via molecular design and synthesis. 
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CHAPTER 4 

 

 

 

ELECTRICAL SWITCHING AND MEMORY EFFECTS IN 

POLYFLUORENE COPOLYMERS CONTAINING 

DIFFERENT ELECTRON ACCEPTOR MOIETIES 
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4.1 Introduction 

Polyfluorene derivatives are an important class of electroactive materials (Leclerc, 

2001; Ohmori et al., 1991). The facile substitution at the remote C9 site can improve 

the solubility and processability of the polymers (Lemmer et al., 1995; Jenekhe and 

Osaheni, 1994). Polyfluorenes have many desirable characteristics for application as 

the active constituents in polymer-based electronic devices. For example, they can be 

chemically tuned to give electroluminescence emission across the full visible 

spectrum, from blue to red, with high luminescence quantum efficiency, allowing for 

the fabrication of efficient polymer light-emitting diodes (PLEDs) (Grice et al., 1998; 

Becker et al., 2002; Scherf and List, 2002; Babel and Jenekhe, 2003; Lee et al., 2005). 

In addition, polyfluorenes have large optical gains (Heliotis et al., 2002; Xia et al., 

2003) and can be readily processed from solution onto etched silica gratings to 

produce low-threshold, distributed-feedback lasers (Heliotis et al., 2003; Lemmer et 

al., 1995). In addition to the above areas, applications in other domains, such as 

photovoltaic devices (Svensson et al., 2003; Benson-Smith et al., 2007), transistors 

(Zaumseil, et al., 2006), and memory devices (Lei et al., 2009; Kim et al., 2008), are 

also emerging in recent years. 

 

In this chapter, two fluorene-based copolymers, TPATz-F8 and TPATz-F8BT, 

(molecular structures shown in Figure 4.1), containing both hole-transporting unit 

(triphenylamine moiety) and electron-transporting unit (triazole, or triazole and 
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benzothiadiazole, moiety), were studied for their electrical switching and memory 

effects. In these two copolymers, the hole-transporting moiety acts as the electron 

donor, while the electron-transporting moiety acts as the electron acceptor. Under the 

electric field, conformation-coupled charge transfer (CT) occurs between the donor 

and acceptor moieties, giving rise to a conductive CT state. As a result, conducting 

channels for both holes and electrons are generated, switching the polymer memory 

devices abruptly from the initial low-conductivity (OFF) state to the high-conductivity 

(ON) state. Molecular simulations of the TPATz-F8 molecule in both ground and 

excited states (the OFF and ON states of the device) were carried out to better 

understand the mechanism underlying the electrical switching phenomenon. 
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4.2 Experimental Section 

4.2.1 Materials 

Bromine (Acros), benzoyl chloride (Alfa Aesor), phosphorus pentachloride (Riedel-de 

Haën), 4-nitrofluorobenzene (Acros), N-bromosuccinimide (Acros), tin(II) chloride 

anhydrous (Showa Denko), hydrazine monohydrate (Alfa Aesar), heptanoyl chloride 

(Acros), tetrakis (triphenylphosphine) palladium(0) (Acros), 

9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (Sigma-Aldrich), 

aluminum chloride (Acros), and 2,1,3-benzothiadiazole (Sigma-Aldrich) were used as 

received. N-methyl-2-pyrrolidinone (NMP), N,N-dimethylacetamide (DMAc), and 

dimethyl sulfoxide (DMSO) were purchased from TEDIA Chemical Co., while 

N,N-dimethylformamide (DMF) and tetrahydrofuran (THF) were purchased from 

ECHO Chemical Co. All the solvents were purified by distillation over calcium 

hydride and stored over 4 Å molecular sieves. The surfactant 

trioctylmethylammonium chloride (Aliquat 336) was purchased from Tokyo Chemical 

Industry (TCI) Co., Ltd. and used as received. 

 

4.2.2 Instrumentation 

FT-IR spectra of the synthesized monomers and polymers were recorded on a 

Perkin-Elmer GX FTIR spectrophotometer. Thermogravimetric analysis (TGA) was 

conducted on a Perkin-Elmer Pyris 6 TGA thermogravimetric analyzer at a heating 
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rate of 20 °C·min-1 and under a nitrogen flowing rate of 20 cm3·min-1. Differential 

scanning calorimetric analysis was performed on a Perkin-Elmer Pyris 6 differential 

scanning calorimeter (DSC) at a heating rate of 10 °C·min-1 and under a nitrogen flow 

rate of 20 cm3·min-1. Cyclic voltammetry (CyV) measurements were carried out on an 

Autolab potentiostat/galvanostat system using a three-electrode cell under an argon 

atmosphere. The TPATz-F8 film deposited on a platinum disk electrode (working 

electrode) was scanned anodically and cathodically at a rate of 0.1 V·s-1 in a 0.1 M 

acetonitrile solution of tetrabutylammonium hexafluorophosphate (n-Bu4NPF6). 

Ag/AgCl and a platinum wire were employed as the reference electrode and counter 

electrode, respectively. A solution of ferrocene in toluene (0.01 M) was used as the 

external standard. Other instruments used in this chapter are the same as in Chapter 3. 

 

4.2.3 Synthesis of the Monomers and Polymers 

The two polyfluorene copolymers were prepared and characterized by Associate Prof. 

Wang Kun-Li and Mr. Hsieh Li-Ga from National Taipei University of Technology. 

The synthesis routes for the monomers and copolymer are shown in Figure 4.1. The 

detailed preparation procedures are given below. 

 

Benzoyl chloride (9.8 g, 0.07 mol) and hydrazine monohydrate (1.8 g, 0.035 mol) 

were mixed in 170 mL NMP and allowed to react at room temperature for 5 h. The 

product was precipitated from deionized water, rinsed with ethyl acetate, and dried 
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under vacuum, to give the white solid of monomer 1 (yield: 5.5 g, 66%). Under a 

nitrogen atmosphere, a mixture of monomer 1 (5.0 g, 0.021 mol) and phosphorus 

pentachloride (9.4 g, 0.045 mol) was dissolved in 50 mL toluene and stirred at 120°C 

for 3 h. After removal of the solvent under reduced pressure, the residue was rinsed 

with deionized water and recrystallized from ethanol to afford the yellow crystal of 

monomer 2 (yield: 2.7 g, 47.7%). Diphenylamine (20 g, 0.12 mol) and 

1-fluoro-4-nitrobenzene (18.3 g, 0.13mol) were added sequentially to 230 mL 1 M 

DMSO solution of sodium hydride. The mixture was then heated to 130°C and stirred 

for 24 h, followed by cooling to room temperature. The crude product was 

precipitated from deionized water and recrystallized from ethanol to afford the yellow 

crystal of monomer 3 (yield: 21.9 g, 63%). Under a nitrogen atmosphere, a 24 mL 

DMF solution of N-bromosuccinimide (NBS) (8.0 g, 0.045 mol) was added drop-wise 

to a 42 mL DMF solution of monomer 3 (6.1 g, 0.021 mol). The mixture was then 

stirred for 48 h. The product was precipitated from deionized water and dried under 

vacuum to afford the orange solid of monomer 4 (yield: 9.2 g, 97.7%). A mixture of 

monomer 4 (9.0 g, 0.02 mol) and tin chloride (27 g, 0.12 mol) was dissolved in 300 

mL ethanol and refluxed for 24 h. After removal of the solvent under reduced pressure, 

200 mL 0.1 M NaOH aqueous solution was added to the residue maintained in an ice 

bath. The precipitate was then extracted with ethyl acetate, followed by concentration 

of the ethyl acetate solution, to afford monomer 5 (yield: 7.6 g, 91%). Monomer 2 

(1.9 g, 0.007 mol) and 5 (5.9 g, 0.014 mol) were mixed in 60 mL p-xylene and stirred 

at 160°C for 3 days. After removal of the solvent under reduced pressure, the crude 
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product was recrystallized from ethanol to afford monomer 6 (yield: 3.1 g, 71%). A 

solution of Br2 (1.13 mL) in HBr (10 mL) was added dropwise to a mixture of 

2,1,3-benzothiadiazole (1.0 g) and HBr (15 mL, 48%), which was then refluxed for 6 

h. After the solution was cooled to room temperature, an excess amount of saturated 

solution of NaHSO3 was added to completely consume any unreacted Br2. The 

mixture was rinsed with deionized water and cold ether to give the crude product, 

which was further purified by recrystallization from ethanol to afford monomer 7 

(yield: 0.77 g, 35.5%). 

 

The polymerization of TPATz-F8 was carried out, under argon atmosphere, by the 

Suzuki coupling reaction between monomers 6 (1 g, 1.61 mmol) and fluorene 

derivative 8 (0.925 g, 1.65 mmol), in the presence of Aliquat 336 (several drops), 

Pd(PPh3)4
 (0.037 g, 0.032 mmol), 6.7 mL 2 M K2CO3 aqueous solution, and 10 mL 

THF. The mixture was heated to 65 °C and stirred for 96 h, followed by pouring into 

deionized water and methanol. The precipitate was purified by dissolving in 

chloroform and reprecipitating from deionized water and methanol for several times. 

The product was further purified by Soxhlet extraction in acetone for 24 h to afford 

the final TPATz-F8 copolymer (yield: 1.37 g, 94%). FTIR spectroscopy (KBr, cm-1): 

1508 (C=N), 2851, 2924 (alkyl group). 1H NMR (CDCl3, 500 MHz), δ(ppm): 

0.67-0.81 (m, 10H), 1.07-1.19 (m, 20H), 2.05 (s, 4H), 7.04-7.05 (d, 2H, J=8.46 Hz), 

7.18-7.19 (d, 2H, J=8.50 Hz), 7.26–7.28 (t, 4H), 7.33-7.49 (m, 6H), 7.57-7.60 (t, 8H), 

7.65-7.67 (d, 4H, J=8.29 Hz), 7.77–7.79 (d, 2H, J=7.87 Hz). 13C NMR (CDCl3, 125 
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MHz), δ(ppm): 14.0, 22.5, 23.7, 29.1, 29.9, 31.7, 40.4, 55.2, 120.0, 120.9, 122.6, 

125.3, 125.7, 126.5, 127.1, 127.8, 128.2, 128.4, 128.6, 128.7, 128.9, 129.8, 137.4, 

139.0, 139.9, 145.6, 148.7, 151.6, 154.7. Anal Calac for C61H64N4: C, 85.87; N, 6.57; 

H, 7.56. Found: C, 84.85; N, 6.49; H, 7.47.  

 

 
Figure 4.1 Synthesis routes for the monomers and the TPATz-F8 and TPATz-F8BT 
copolymers 
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The copolymer TPATz-F8BT was prepared by a similar Suzuki coupling reaction 

between monomer 6, 7, and 8. Under argon atmosphere, Aliquat 336 (several drops), 

Pd(PPh3)4
 (0.074 g, 0.064 mmol), 13.4 mL 2 M K2CO3 aqueous solution, and 20 mL 

THF were added to a mixture of monomer 6 (1 g, 1.61 mmol), monomer 7 (0.47 g, 

1.61 mmol) and fluorene derivative 8 (1.85 g, 3.30 mmol). The mixture was heated to 

65 °C and stirred for 96 h, followed by pouring into deionized water and methanol. 

The precipitate was purified by dissolving in chloroform and reprecipitating from 

deionized water and methanol for several times. The product was further purified by 

Soxhlet extraction in acetone for 24 h to afford the final TPATz-F8BT product (yield: 

1.66 g, 75%). FTIR spectroscopy (KBr, cm-1): 1508 (C=N), 2845, 2924 (alkyl group). 

1H NMR (CDCl3, 500 MHz), δ(ppm): 0.80-1.26 (m, 60H), 2.06-2.16 (d, 8H), 7.06 (s, 

2H), 7.19-7.28 (m, 6H), 7.42-7.46 (m, 6H), 7.59-7.68 (m, 12H), 7.78-8.08 (m, 10H). 

Anal Calac for C96H106N6S: C, 83.80; N, 6.11; H, 7.76. Found: C, 83.42; N, 6.21; H, 

7.89. 

 

4.2.4 Fabrication and Characterization of the Memory Devices 

The indium-tin oxide (ITO) coated glass substrate was pre-cleaned sequentially with 

deionized water, acetone and isopropanol in an ultrasonic bath for 15 min. A 100 µL 

DMAc solution of the copolymer (10 mg·mL-1) was spin-coated onto the ITO 

substrate at a spinning rate of 1200 rpm, followed by solvent removal in a vacuum 

oven at 10-5 Torr and 60°C for 10 h. The thickness of the polymer layer was about 50 

nm, as determined by the AFM edge profiling. Finally, an Al top electrode of about 
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400 nm in thickness was thermally deposited onto the polymer surface through a 

shadow mask at a pressure of about 10-7 Torr. Electrical property measurements were 

carried out on devices of 0.4×0.4 mm2, 0.2×0.2 mm2, and 0.15×0.15 mm2 in size, 

under ambient conditions, using an Agilent 4155C semiconductor parameter analyzer 

equipped with an Agilent 41501B pulse generator. The current density-voltage (J-V) 

data reported were based on device units of 0.4×0.4 mm2 in size, unless stated 

otherwise. ITO was maintained as the ground electrode during the electrical 

measurements. 
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4.3 Results and Discussion 

4.3.1 Characterizations of the Polyfluorene Copolymers 

The solubilities of the polyfluorene copolymers in common organic solvents are 

summarized in Table 4.1. Due to the presence of long aliphatic n-octyl substituent at 

the C9 position of fluorene group, the two polymers exhibit good solubilities in 

common solvents, such as DMAc, NMP, THF, chloroform and dichloromethane, at 

room temperature. As a result, they can be easily cast into uniform films from 

solutions by spin-coating. 

 
Table 4.1 Solubilities of the polyfluorene copolymers in common organic solvents 

 

Polymer 
Solubilitya 

DMAc NMP THF CHCl3 CH2Cl2 Toluene

TPATz-F8 ++  ++ ++ ++ ++ +- 

TPATz-F8BT ++  ++ ++ ++ ++ +- 
aSolubility measured in concentration of 1 mg·mL-1 
++: Soluble at room temperature 
+-: Partially soluble at room temperature 

 

The molecular weights and thermal properties of the two polymers are summarized in 

the below Table 4.2. The weight-average (Mw) and number-average (Mn) molecular 

weights of TPATz-F8 are 3.3×104 and 2.1×104, respectively, with a polydispersity 

index (PDI) of 1.57, while those for TPATz-F8BT are 3.8×104 and 2.4×104, 

respectively, with a PDI of 1.58. The glass transition temperatures (Tg) of TPATz-F8 

and TPATz-F8BT are 135°C and 155°C, respectively, which are much higher than that 
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of poly-(9,9-dioctylfluorene) (75°C). It is evident that incorporation of the 

triphenylamine and triazole moieties has significantly enhanced the rigidity of the 

polymer chain. The thermal gravimetric analysis reveals 5% and 10% weight loss 

temperatures of 428°C and 455°C for TPATz-F8, and 433°C and 456°C for 

TPATz-F8BT, respectively, in nitrogen. In addition, from the 1H NMR spectrum, the 

segment ratio (m/n) of triphenylaminetriazole to 2,1,3-benzothiadiazole unit in 

TPATz-F8BT is 3/2. 

 
Table 4.2 Molecular weights and thermal properties of the copolymers 

 

Polymer 
 Molecular weighta  Thermal propertiesc 

Mn Mw PDIb Tg(oC) Td5(oC) Td10(oC) 

TPATz-F8  2.1×104  3.3×104 1.57 317 428 476 

TPATz-F8BT  2.4×104 3.8×104 1.58 304 433 515 

 
aMolecular weight was measured by GPC in THF using polystyrene as standards 
bPDI: polydispersity index = (Mw/Mn) 
cTg is the glass transition temperature measured by DSC. Td5 and Td10 are 5% and 10% 
weight loss temperatures, respectively, measured by TGA in nitrogen. 

 

Figure 4.2 shows the UV-visible absorption spectra of TPATz-F8 and TPATz-F8BT in 

chloroform, along with that of poly(9,9'-dihexylfluorene) (PF6) as the reference. The 

concentration of TPATz-F8 was about 4×10-7 M. The concentrations of TPATz-F8BT 

and PF6 were adjusted to have the same number of repeating units as that of 

TPATz-F8. The absorption spectra were cut off at 250 nm because of the strong 

interference from the solvent in the short wavelength region. The absorption spectra 

of TPATz-F8 and TPATz-F8BT were normalized to the maximum absorption of PF6 

at 388 nm for ease of comparison. As shown in Figure 4.2, TPATz-F8 exhibits a 
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maximum absorption at 372 nm. By comparing the absorption spectrum of TPATz-F8 

with that of PF6 and considering the conjugated backbone of TPATz-F8, this 

absorption peak probably arises from π→π* transition of the TPATz-F8 backbones 

(Shi et al., 2009; Jiang et al., 2009; Zhang et al., 2009). It is similar to the 

characteristic π→π* transition of the conjugated backbone of PF6 (Wu et al., 2005). 

In comparison to PF6, the maximum absorption of TPATz-F8 has blue-shifted by 

about 16 nm. This blue-shift is reported to be induced by the incorporation of twisted 

triphenylamine segments in the TPATz-F8 backbone, which reduces the planarity, and 

thus the degree of effective conjugation of the polymer main chain (Wu et al., 2005). 

Besides the main absorption peak, TPATz-F8 also exhibits an additional weak 

absorption in the short wavelength region (250 nm ~ 300 nm), which arises from 

absorption of the triazole moieties in the side chain (Chen et al., 2007). In comparison 

to that of TPATz-F8, the maximum absorption of TPATz-F8BT is further blue-shifted 

to 348 nm, attributable probably to the fact that the electron-deficient 

benzothiadiazole moieties weaken the electronic conjugation of the polymer main 

chain (Wu et al., 2006). An absorption shoulder in the long-wavelength region (440 

nm) is also observed for the TPATz-F8BT solution, which arises from the 

intramolecular CT between the fluorene and benzothiadiazole units (Liu et al., 2007). 
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Figure 4.2 UV-visible absorption spectra of TPATz-F8, TPATz-F8BT and the PF6 
model compound in chloroform solution. The concentration of TPATz-F8 was about 
4×10-7 M. The concentrations of TPATz-F8BT and PF6 were adjusted to have the 
same number of repeating units as that of TPATz-F8. The absorption spectra of 
TPATz-F8 and TPATz-F8BT were normalized to the maximum absorption of PF6 at 
388 nm for ease of comparison. 
 

The PL spectra of TPATz-F8, TPATz-F8BT and PF6 in chloroform are shown in 

Figure 4.3. The concentration of TPATz-F8 is 1.7×10-7 M, while the concentrations of 

TPATz-F8BT and PF6 were adjusted to have the same number of repeating units as 

that of TPATz-F8. All the emission spectra were obtained with the excitation 

wavelength of 370 nm. As shown in Figure 4.3, the PL spectrum of PF6 is 

characterized by a series of well-resolved vibronic features located at 416 nm, 440 nm, 

471 nm and 507 nm, which are assigned, respectively, to the S1 → S0 0-0, 0-1, 0-2 and 

0-3 intrachain singlet transitions (Azuma et al., 2006; Li et al., 2004). TPATz-F8 

exhibits, however, a less intense emission spectrum, in comparison to PF6. The partial 

fluorescence quenching in TPATz-F8 is probably attributed to the charge transfer 

and/or energy transfer between the three component moieties under photoexcitation 

(Shibano et al., 2006; Lukas et al., 2002). In addition, the vibronic structure of 
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TPATz-F8 becomes much less resolved, which results from the lack of intrachain 

ordering due to the presence of twisted triphenylamine segments in the copolymer 

backbone (Jiang et al., 2009). The fluorene emission in TPATz-F8BT is, however, 

significantly quenched, with the appearance of a green emission centered at about 540 

nm, which is attributed to the Förster energy transfer from the excited fluorene 

segments to the vicinity of the benzothiadiazole segments (Wu et a;., 2007). 

 
 
Figure 4.3 PL spectra of TPATz-F8, TPATz-F8BT and the PF6 model compound in 
chloroform solution. The concentration of TPATz-F8 is 1.7×10-7 M. The 
concentrations of TPATz-F8BT and PF6 were adjusted to have the same number of 
repeating units as that of TPATz-F8. All the emission spectra were obtained with the 
excitation wavelength of 370 nm. 
 

4.3.2 Electrical Switching and Memory Effects of the Polyfluorene Copolymers 

The memory switching effects of TPATz-F8 are demonstrated by the J-V 

characteristics of an ITO/TPATz-F8/Al sandwich device, as shown in Figure 4.4(a). 

Initially, the device was in the low-conductivity (OFF) state. During the 1st negative 

sweep (with Al as the cathode and ITO as the anode) from 0 to -3 V, an abrupt 
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increase in current density was observed in the device at -2.8 V, indicating device 

switching from the initial OFF state to the high-conductivity (ON) state. This 

electrical switching is equivalent to the “writing” process in a digital memory cell. 

The ON/OFF current ratio is in the order of 105 at -1 V. The device exhibited good 

stability in the ON state when the negative voltage sweep was repeated (the 2nd 

sweep). It remained in the ON state even after turning off the power (the 3rd sweep), 

indicating the non-volatile nature of the electrical bistability. One prominent feature of 

the present polymer memory is that the ON state can be reset to the initial OFF state 

by applying a reverse voltage of about +2.0 V, as shown in the 4th sweep. This 

switch-off process is equivalent to the “erasing” process of a digital memory cell. The 

device is thus reversible and allows for application in a rewritable data storage system. 

The subsequent 5th and 6th sweeps show the J-V characteristics of the device right 

after the application of an erasing sweep and 5 min after turning off the power, 

respectively. The device was found to exhibit good stability in the OFF state. The 

ability to write, read and erase the electrical states, as well as the non-volatile nature 

of the ON and OFF states, fulfill the functionality of a rewritable memory. As 

indicated by the subsequent 7th to 14th sweeps, the above write-read-erase-read 

switching cycles can be repeated with good accuracy, except for the slight variations 

in switching threshold voltages, associated probably with conformational relaxation of 

the polymer chain (Ling et al., 2007; Liu et al., 2009). In addition, devices with 

different active areas of 0.4×0.4 mm2, 0.2×0.2 mm2, and 0.15×0.15 mm2 show almost 

the same J-V characteristics, indicating that the current density is independent on the 
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device areas. The rewritable electrical states, good reproducibility, and 

area-independent current density, rule out the possibility of filament conduction 

(Henisch and Smith, 1974), metal diffusion (Lim et al., 1998; Ma et al., 2000), and 

dielectric breakdown in the present devices. 

 

Figure 4.4(b) shows the effect of operation time voltage stress on the stability of the 

TPATz-F8 device. Under a constant stress of -1 V, no obvious degradation in current 

density was observed for both the ON and OFF states over a 6 h period. In addition, 

the two electrical states were also stable up to 108 read pulses of -1 V, as shown in 

Figure 4.4(c). 

 

The memory effects of TPATz-F8BT are demonstrated by the J-V characteristics 

shown in Figure 4.4(d). The TPATz-F8BT device exhibited similar rewritable memory 

effects as the TPATz-F8 device, except for a slightly lower ON state current, 

attributable probably to incorporation of the electron-deficient benzothiadiazole 

groups in the polymer backbone. The underlying switching mechanisms will be 

elucidated in next section. Figures 4.4(e) and 4.4(f) show that the TPATz-F8BT device 

is stable in both ON and OFF states under a continuous stress of -1 V or read pulses of 

-1 V. 
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Figure 4.4 (a) J-V characteristics of a 0.4×0.4 mm2 ITO/TPATz-F8/Al device. The 
sequence and direction of each sweep are indicated by the respective number and 
arrow. The 3rd and 6th sweeps were conducted about 5 min after turning off the power. 
(b and c) Stability of the ON and OFF states of the TPATz-F8 device under a constant 
stress of -1 V and read pulses of -1 V. (d) J-V characteristics of a 0.4×0.4 mm2 
ITO/TPATz-F8BT/Al device. The sequence and direction of each sweep are indicated 
by the respective number and arrow. (e and f) Stability of the ON and OFF states of 
the TPATz-F8BT device under a constant stress of -1 V and read pulses of -1 V. The 
insets of (c) and (f) show the pulse used for measurement. 
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4.3.3 Switching Mechanism 

As the two copolymers possess similar molecular structures and exhibit similar 

rewritable memory effects, the mechanisms underlying their memory effects are 

probably similar. For simplicity, only the switching mechanism of TPATz-F8 is 

analyzed with theoretical molecular simulation and experimental characterization in 

this chapter. 

 

To better understand the switching behavior of the TPATz-F8 memory device, 

electronic properties of TPATz-F8 in the ground state were studied by the DFT 

method. Calculations of the molecular orbitals and ESP surfaces of the basic units 

(BU), taking into account of all the three functional moieties, i.e., the fluorene, 

triphenylamine and triazole moieties, were carried out at the B3LYP/6-31G(d) level 

with the Gaussian 03 program package. The alkyl chains attached to the fluorene 

chromophore were not included in the calculation since they probably do not 

significantly affect the electronic properties of the BU (Sancho-García et al., 2004). 

The highest occupied molecular orbital (HOMO) and the first two lowest unoccupied 

molecular orbitals (LUMO1 and LUMO2) of the BU, as well as the plausible 

electronic transitions under excitation, are shown in Figure 4.5. The HOMO is located 

mainly on the triphenylamine and fluorene moieties, indicating that these two 

moieties act as the electron donors in the TPATz-F8 molecules. Upon excitation, 

electrons in the triphenylamine moiety tend to transit to the first unoccupied 

molecular orbitals (LUMO1) located mainly on the fluorene moiety, indicating that 
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the triphenylamine group possesses stronger electron-donating ability than the 

fluorene group, and thus acts as the main electron donor. Upon further excitation, 

electrons will transit to the higher unoccupied molecular orbital (LUMO2) located 

exclusively on the triazole moiety, suggesting that the triazole moiety acts as the 

electron acceptor in the copolymer molecule, consistent with its well-known 

electron-withdrawing nature (Yasuda et al., 2005).  

 

 
 

Figure 4.5 Molecular orbital surfaces of the TPATz-F8 BU and the plausible 
electronic transitions under the electric field 
 

To identify the electron donor and acceptor groups experimentally, the 

electrochemical oxidation/reduction behavior of the TPATz-F8 molecule, along with 

PF6 and 4-(3,5-diphenyl-4H-1,2,4-triazol-4-yl)-N,N-diphenylaniline (TPATz) model 

compounds, were studied by cyclic voltammetry (CyV). Their HOMO and LUMO 

energy levels were estimated by the following equations (Lee et al., 2001), 
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EHOMO = -[(EOx(onset)-EFOC)+4.8] (eV) 

ELUMO = -[(ERed(onset)-EFOC)+4.8] (eV)                             (1) 

where EFOC is the potential of the external standard, ferrocene/ferricenium ion 

(Foc/Foc+) couple, measured under the same conditions. The CyV data, as well as the 

estimated HOMO and LUMO energy levels, are summarized in Table 4.2. The 

electrochemical oxidation and reduction processes of TPATz are found to start from 

0.95 V and -1.65 V, respectively. As reported previously, the oxidation and reduction 

of TPATz arise from the triphenylamine and triazole moieties (Wu and Chen, 2009), 

respectively. The onset potentials for oxidation and reduction of PF6 are, however, 

much larger (1.38 V and -1.80 V, respectively). In comparison with these two model 

compounds, the onset potentials for oxidation and reduction of TPATz-F8 (0.98 V and 

-1.64 V, respectively) are much closer to those of TPATz, indicating that the electron 

donor and acceptor groups of TPATz-F8 arise mainly from the triphenylamine and 

triazole moieties, respectively. 

 
Table 4.2 Electrochemical data of TPATz-F8, and the PF6 and TPATz model 
compounds, as well as their electrochemically determined energy levels 
 

Molecule/ Polymer EOx(onset) (V) EOx(onset) (V) EHOMO (eV)a ELUMO (eV)b 

PF6 1.38 -1.80 -5.79 -2.61 

TPATz  1.03 -1.58 -5.45 -2.84 

TPATz-F8 0.98 -1.64 -5.41 -2.79 

aEHOMO = -[(EOx(onset)-EFOC)+4.8] (eV) 
bELUMO = -[(ERed(onset)-EFOC)+4.8] (eV) 
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During the initial stage of the electrical sweep, electrons at HOMO are excited to 

LUMO1, due to significant overlapping of HOMO and LUMO1 at the triphenylamine 

and fluorene moieties. When the applied electric field reaches the switch-on threshold 

voltage, some of the excited electrons at LUMO1 acquire sufficient energy to 

overcome the energy barrier between the backbone and the pendant triazole moieties. 

Electrons are then excited to LUMO2 located at the triazole moiety, forming a CT 

state between the donor and acceptor moieties. Under the electric field, the generated 

holes at HOMO can delocalize among the conjugated backbone, forming an open 

channel for the charge carriers (holes) to migrate through. The holes can either move 

along the conjugated backbone or hop between neighboring molecules. On the other 

hand, the transferred electrons at LUMO2 can also migrate among the triazole 

moieties, due to the good electron-transporting property of the triazole derivatives (Yu 

and Chen, 2004). As the triazole groups are located at the side chains and separated 

from one another, the electrons migrate probably by hopping between the neighboring 

triazole moieties (either in the same or neighboring copolymer chains). As a result, 

conducting channels for both positive and negative charge carriers are formed in the 

TPATz-F8 molecules, resulting in the abrupt increase in current density and the 

electrical switching from the initial OFF state to the ON state. 

 

To elucidate the above CT process, in-situ PL spectra of the TPATz-F8 film in an 

ITO/TPATz-F8/Al sandwich device under electrical biases were studied (Figure 4.6). 

The electrical biases were applied on the Al electrode, with ITO as the ground 
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electrode. All the emission spectra were obtained at the excitation wavelength of 370 

nm. In Figure 4.6, OFF-1 denotes the PL spectrum of the TPATz-F8 film prior to the 

application of electrical bias, corresponding to the initial OFF state in the J-V 

characteristics of the memory device (Figure 4.4(a)). The PL spectrum exhibits a 

maximum fluorescence at around 435 nm, which is attributed to the S1 → S0 0-0 

transition of the fluorene chromophore (Heliotis et al., 2002). In comparison with the 

dilute solution PL spectrum in Figure 4.3, the emission maximum in the solid state PL 

spectrum of the TPATz-F8 film is red-shifted by about 15 nm, probably due to the 

enhanced π-π stacking of the more planar segments of the backbone or increased 

polarizability upon film formation (Shang et al., 2007; Kim et al., 2008). A vibrational 

emission band at the longer wavelength (449 nm) is also observed, arising from the S1 

→ S0 0-1 transition of the fluorene chromophore (Jiang et al., 2009). In addition to the 

above two intense emission features, the TPATz-F8 film also exhibits a less obvious, 

structureless emission in the green region (around 530 nm), which is believed to result 

from the inter-chain/inter-segmental interactions between the oxidation-induced 

fluorenone defects (Sims et al., 2004). 

 

When a negative bias (-4 V) larger than the switch-on threshold voltage (-2.8 V) is 

applied on the TPATz-F8 device, electrical switching of the film from the OFF state to 

the ON state is triggered. The corresponding PL spectrum (denoted by ON-1) exhibits 

a decrease in intensity of all the three emission components. This partial fluorescence 

quenching is associated with the decay of the excited singlet state of the fluorene 
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chromophore, resulting from the CT in the copolymer molecules (Shibano et al., 

2006). Upon excitation by the electric field, electrons can transfer directly from the 

triphenylamine moiety to the adjacent triazole moiety, or indirectly from the fluorene 

moiety to the triphenylamine moiety, and then to the triazole moiety. Conductive CT 

states are thus formed in the TPATz-F8 molecules, resulting in the abrupt electrical 

switching of the device. 

 
Figure 4.6 In-situ PL spectra of the TPATz-F8 film in an ITO/TPATz-F8/Al sandwich 
device under electrical biases. OFF-1 denotes the emission spectrum before applying 
any electric bias, while ON-1 to OFF-3 denote, respectively, the emission spectra after 
applying the electrical bias indicated in the bracket (with Al as the working electrode 
and ITO as the ground electrode). 

 

In addition to the above fluorescence quenching, a redistribution of the oscillator 

strengths of the two main emission bands was also observed in the ON-1 spectrum, 

with the relative intensity of the 435 nm transition exhibiting a smaller decrease than 

that of the 449 nm transition. This phenomenon is similar to the previous report that a 

larger increase in relative intensity of the 0-0 PL peak than that of the 0-1 PL peak is 

observed in poly(9,9-dioctylfluorene) when the temperature decreases to 5 K (Ariu et 
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al., 2003). This redistribution is believed to be associated with the formation of a more 

planar polymer chain at low temperature. Accordingly, the electric field probably has 

also induced a more planar conformation in the excited TPATz-F8 molecule, which 

favors delocalization of the charge carriers in the conjugated backbone and stabilizes 

the conductive CT state. A non-volatile ON state is thus observed in the TPATz-F8 

device. 

 

Molecular simulation of the excited state TPATz-F8 molecule was carried out to 

further demonstrate the above conformation-coupled CT process. ESP surface and 

optimized geometry of the BU in the excited state were studied at the CIS/6-31G(d) 

level with the Gaussian 03 program package. The corresponding electronic properties 

of the BU in the ground state were employed as the reference. Figure 4.7 summarizes 

the molecular simulation results of both the ground and excited states. As shown by 

the ESP surfaces, TPATz-F8 at both states consists mainly of positive ESP region 

along the conjugated backbone, which permits migration of the charge carriers 

through this open channel. In addition, the molecule also exhibits some minor 

negative ESP regions arising from the sp2 hybridized N atoms in the triazole group. 

As ESP is the potential energy of a proton at a particular location of a molecule, it can 

reflect the local electron density. Accordingly, the negative ESP region in TPATz-F8 

suggests concentrated local electron densities in the triazole group, due to its 

electron-withdrawing nature (Yasuda et al., 2005). In comparison to TPATz-F8 in the 

ground state, TPATz-F8 in the excited state exhibits a larger negative region in the 
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triazole group, indicating that under excitation, electrons will transfer to the triazole 

moiety from other parts of the molecule.  

 

 
 
Figure 4.7 ESP surfaces and optimized geometries of the TPATz-F8 BU in the ground 
and excited states, as well as the transition dipole moments along the three Cartesian 
axes. a and b denote, respectively, the inter-ring bond between the fluorene and 
adjacent benzene units and the nearby bond. θ denotes the dihedral angle between the 
fluorene and adjacent benzene planes. For the ESP surfaces, the positive ESP regions 
are in red, while the negative ESP regions are in blue. 
 

Transition dipole moments along the three Cartesian axes are also calculated to 

demonstrate the electronic transition orientation. As shown in Figure 4.7, the 

transition dipole moment along the x axis (4.0760 Debye) is much larger than those 

along the other two axes (0.9808 Debye for y axis and -0.5721 Debye for z axis, 



 123

respectively), indicating that the electrons have the largest tendency to transit along 

the x axis (Li et al., 2009), which orients approximately from the backbone to the 

pendant moiety. 

 

Following the above electron transfer process, the conformation of TPATz-F8 

molecule also undergoes changes under the applied electric field, as indicated by the 

different optimized geometries of TPATz-F8 in the ground and excited states. The 

inter-ring bond between the fluorene unit and the adjacent benzene ring (a) in the 

excited state (~ 1.42 Å) becomes shorter in comparison to that in the ground state (~ 

1.48 Å), with the bond closest to it (b) becoming slightly longer (~ 1.44 Å in the 

excited state vs ~ 1.41 Å in the ground state). The shortening of the inter-ring bond 

length indicates that it changes from a single bond-like to a double bond-like character 

upon excitation, which is reported to be associated with the conversion from the 

aromatic isomer to the quinoid isomer (Gong and Lagowski, 2005; Gong and 

Lagowski, 2007). With the increase in double bond-like character of the inter-ring 

bond, the polymer chain becomes stiffer and rotation is restricted. As a result, the 

polymer assumes a more planar conformation, with the dihedral angle between the 

fluorene plane and the adjacent benzene ring (θ) decreasing from 35.8° in the ground 

state to 7.5° in the excited state. The conformational change is consistent with the 

previous report that polyfluorene molecules tend to change from a twisted 

conformation (torsional angle of 37.6°) to a more planar conformation (torsional angle 

of 8.1°) upon excitation (Liang et al., 2006). The double bond-like character of the 
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inter-ring bond and the more planar conformation in the excited TPATz-F8 molecule 

favor delocalization of charge carriers in the conjugated backbone. As a result, the 

conductive CT state is stabilized and the high-conductivity state can be retained, 

resulting in the non-volatile nature of the ON state. 

 

When a positive electrical sweep is applied on the TPATz-F8 device, for example, the 

4th sweep in Figure 4.4(a), the CT state is dissociated via back electron transfer and 

the polymer chain relaxes to the initial twisted conformation, switching the device 

back to the OFF state. The erasing of the ON state is supported by the recovery of the 

PL spectrum corresponding to the OFF state after the application of a positive bias of 

+4 V (OFF-2 spectrum). However, a slight decrease in intensity of the main emission 

bands is observed in the OFF-2 spectrum in comparison to that in the initial OFF-1 

spectrum, probably due to the delay in conformational relaxation of the polymer chain 

under the applied electric field (Ling et al., 2007; Liu et al., 2009). The “ON-OFF” 

changes in PL spectra matches the write-erase process in the J-V characteristics of the 

TPATz-F8 device, and can be repeated with good accuracy, as indicated by the 

subsequent ON-2, OFF-3 and ON-3 spectra in Figure 4.6. 

 

In comparison to TPATz-F8, TPATz-F8BT has a similar molecular structure, except 

for the presence of additional benzothiadiazole units in the backbone. Accordingly, 

similar rewritable memory effects were also observed in the TPATz-F8BT device, 

except for the lower (by about one order) ON state current, and thus lower ON/OFF 

current ratio, than that of the TPATz-F8 device. The phenomenon is probably 



 125

associated with the hole-blocking nature of the electron-deficient benzothiadiazole 

groups (Lim et al., 2006). The difference in ON state current is also consistent with 

the higher hole mobility of the fluorene-triphenylamine copolymer (in the order of 

10-3 cm2 V-1 s-1) (Zaumseil et al., 2006) in comparison to that of the 

fluorene-benzothiadiazole copolymer (in the order of 10-4 cm2 V-1 s-1) (Redecker et al., 

1999). The molecular structure-dependent memory effects also demonstrate that it is 

possible to tune the electrical switching behavior by tailoring the molecular structures 

of polymers. 
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4.4 Conclusion 

Two solution-processable polyfluorene copolymers, TPATz-F8 and TPATz-F8BT, 

containing the fluorene, triphenylamine and triazole moieties, with TPATz-F8BT 

containing also the benzothiadiazole moieties, were characterized for their bistable 

electrical switching and memory effects. Devices based on the ITO/polymer/Al 

sandwich structure can be switched ‘ON’ and ‘OFF’ during the negative and positive 

electrical sweeps, respectively. The molecular simulation results and electrochemical 

measurement of TPATz-F8 indicate that the fluorene and triphenylamine groups act 

as the electron donors, while the triazole group acts as the electron acceptor. Electric 

field-induced CT from the donor moieties to the acceptor moiety gives rise to a 

conductive CT state, accounting for the electrical switching from the OFF state to 

the ON state. The more planar conformation of the TPATz-F8 molecule in the 

excited state stabilizes the conductive CT state and dictates the non-volatile nature of 

the ON state. The conformation-coupled CT was further elucidated from molecular 

simulation of the excited state TPATz-F8 molecule and in-situ changes in 

photoluminescence spectra of the TPATz-F8 film under electrical biases. The 

difference in electrical switching behavior associated with the difference in 

molecular structure of TPATz-F8 and TPATz-F8BT illustrate the possibility of tuning 

memory properties in polyfluorenes via molecular design and synthesis. 
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CHAPTER 5 

 

 

 

ELECTRICAL SWITCHING AND MEMORY EFFECTS IN 

AZO POLYMERS CONTAINING DIFFERENT TERMINAL 

GROUPS IN THE PENDANT AZOBENZENE MOIETIES 



 128

5.1 Introduction 

Azobenzene derivatives constitute a family of dye molecules which are characterized 

by the azo linkage (-N=N-) that bridges two phenyl rings (Kurihara et al., 2007; 

Ichimura, 2000). This extended aromatic structure gives rise to the intense optical 

absorption and unique optical properties of the azobenzene compounds. The most 

well-known optical property is their photochromic feature, which arises from the 

reversible cis-trans photoisomerizations (Diau, 2004; Ahonen et al., 2007; Murase et 

al., 2007). The trans configuration (also denoted as the E state) is thermally stable, 

while the cis configuration (also denoted as the Z state) is meta-stable (Yager and 

Barrett, 2006). Light within the broad trans-azobenzene absorption band will induce 

photochemical isomerization to the cis configuration (Zimmerman et al., 1958). The 

cis state will then typically relax thermally back to the trans state with a lifetime 

which depends on the nature of the substituents in the azobenzene. Irradiation of the 

cis state with light within its absorption band can also cause the isomerization back to 

the trans state. Due to this clean photochemistry and distinct changes in material 

properties under light irradiation, azobenzene derivatives have been investigated for a 

variety of applications, including non-linear optical devices (Natansohn and Rochon, 

2002; Yesodha et al., 2004), holographic grating (Zhang et al., 2002), and optical 

switching (Ikeda and Tsutsumi, 1995). The reversible trans-cis photoisomerization of 

the azobenzene compounds has also been adopted for optical data storage (Kawata 

and Kawata, 2000). Besides optical manipulation, the isomerization can also be 
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controlled by an electric field (Alemani et al., 2006), suggesting the potential 

application of azobenzene compounds in electronic molecular switches. Moreover, a 

series of azobenzene molecules have been reported to exhibit good electrical 

bistability associated with the electric field-induced charge transfer (CT) (Wen et al., 

2006; Hu et al., 2007; Jiang et al., 2008), providing a means for high-density data 

storage. In addition to the small azobenzene molecules, electrical bistability has also 

been observed in azobenzene-containing polymers (Attianese et al., 2008), where the 

trans-cis isomerization induced by the electric field is responsible for the electrical 

switching.  

 

In this chapter, two azo polymers, AzoNEtCN and AzoNEt (molecular structures 

shown in Figure 5.1), with the pendant azobenzene chromophore attached by different 

terminal groups, were studied for their electrical switching and memory effects. Both 

memory devices were found to exhibit uni-directional electrical switching during the 

negative sweep. However, the volatility of their high-conductivity (ON) state is 

dependent on the terminal group in the pendant azobenzene moiety. The mechanism 

associated with the different memory effects were elucidated from molecular 

simulation results. 
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5.2 Experimental Section 

5.2.1 Materials 

Methacryloyl chloride was purchased from Haimen Best Fine Chemical Industry Co. 

and used after distillation. 2,2'-Azobisisobutyronitrile (AIBN, 97%) was purchased 

from Shanghai Chemical Reagent Co. and recrystallized from ethanol twice. Anisole 

and chloroform were purchased from Shanghai Chemical Reagent Co. as analytical 

regents and purified by distillation. Aniline (99%) and 

N-ethyl-N-2-hydroxyethyl-m-toluidine (99%) were purchased from Tokyo Kasei 

Kogyo Co. and used as received. 4-Aminobenzonitrile (98%) was purchased from 

Alfa Aesar, a Johnson Matthey Co. and used without further treatment. 

2-cyanoprop-2-yl dithiobenzoate (CPDB) was synthesized according to the previous 

literature (Chong et al., 2003). Other materials were purchased from Shanghai 

Chemical Reagent Co. and purified according to the standard method. 

 

5.2.2 Instrumentation 

NMR spectra were obtained on an Inova 400 MHz spectrometer using CDCl3 as the 

solvent. Weight average (Mw) and number average (Mn) molecular weights were 

determined on a Waters 1515 gel permeation chromatography (GPC) equipped with a 

refractive index detector. Tetrahydrofuran (THF) was used as the eluent and 

poly(methyl methacrylate) (PMMA) was employed as the molecular weight standard 
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sample. Other instruments used in this chapter are the same as in Chapter 3. 

 

5.2.3 Synthesis of the Monomers and Polymers 

The two azo polymers were prepared and characterized by Prof. Zhu Xiu-Lin and Mr. 

Cao Hai-Zhong from Soochow (Suzhou) University, China. The synthesis route of the 

azobenzene polymers are illustrated in Figure 5.1. Details on their preparations and 

characterizations are given below. 

 

Synthesis of 4-{4-[ethyl-(2-hydroxy-ethyl)-amino]-2-methyl-phenylazo}-benzon-trile 

(1): 4-aminobenzonitrile (4.72 g, 40 mmol) was dissolved in an aqueous solution of 

sodium nitrite (3.38 g in 40 mL deionized water). The obtained solution was cooled to 

0 ~ 5°C, followed by adding the hydrochloric acid solution (16 mL in 100 mL 

deionized water) slowly with stirring. After the above mixture was stirred for further 

30 min, carbamide (0.48 g, 8 mmol) was added to demolish the residual sodium nitrite 

with tracking by starch-iodide paper. Then the diazonium salt solution was obtained. 

A solution of N-ethyl-N-2-hydroxyethyl-m-toluidine (8.78 g, 48 mmol), glacial acetic 

(15 mL), and deionized water (30 mL) were slowly added to the diazonium salt 

solution at 0 ~ 5°C. The mixture was vigorously stirred for 30 min in ice bath, and 

then the sodium hydroxide aqueous solution was added to adjust the pH to 5 ~ 7. The 

solution was heated to 40 ~ 50°C gradually and kept for 15 min. Afterwards, the 

solution was cooled with ice bath for 2 h. The resultant solid was filtered and dried 

under vacuum at room temperature. After recrystallized from ethanol/water mixture 
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(3/2 by volume), the compound 1 was obtained as a red crystal. 1H NMR (CDCl3, 400 

MHz), δ(ppm): 7.84-7.94(d, 2H), 7.75-7.84(s, 1H), 7.65-7.78(d, 2H), 6.62(s, 2H), 

3.88(s, 2H), 3.47-3.65(m, 3H), 2.68(s, 3H), 1.56(s, 2H), 1.18-1.30(t, 3H). Anal. Calcd. 

for C18H20N4O: C 69.93, H 6.69, N 18.61; found: C 70.11, H 6.54, N 18.17. 

 

Synthesis of 2-Methyl-acrylic-acid-2-{[4-(4-cyano-phenylazo)-3-methyl-phenyl]- 

ethyl-amino}-ethyl ester (MACP): Compound 1 (6.1 g, 20 mmol), dry THF (50mL), 

and triethylamine (2.8 mL) were added to a round-bottom flask and cooled with ice 

bath. Methacryloyl chloride (1.9 mL, 22 mmol) diluted in dry THF (10 mL) was 

added dropwise to the cool solution. The resultant mixture was vigorously stirred for 

1 h at 0 ~ 5 °C and then for further 6 h at room temperature. The solution was filtered, 

and the solvent was removed by rotary evaporation. The crude product was dissolved 

in dichloromethane and washed with deionized water for three times, followed by 

drying with anhydrous magnesium sulfate overnight. Finally, the obtained crude 

product was purified by column chromatography (silicagel H) with petroleum 

ether/ethyl acetate mixture (10/1 by volume) as eluent to give a red crystal MACP. 1H 

NMR (CDCl3, 400 MHz), δ(ppm): 7.86-7.91(d, 2H), 7.78-7.82(d, 1H), 7.71-7.76(d, 

2H), 6.62-6.64(t, 2H), 6.11(s, 1H), 5.59(s, 1H), 4.33-4.39(t, 2H), 3.66-3.78(t, 2H), 

3.44-3.59(m, 2H), 2.69(s, 3H), 1.92-1.98(d, 3H), 1.22-1.29(t, 3H). Anal. Calcd. for 

C22H24N4O2: C 69.90, H 6.54, N 14.77; found: C 70.19, H 6.43, N 14.88. 

 

Synthesis of 2-methyl-acrylic-acid-2-[ethyl-(4-phenylazo-3-methyl-phenyl)-ami- 
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no]-ethyl ester (MAEA): MAEA was synthesized using a similar procedure as 

MACP.  

 

RAFT polymerization of MACP and MAEA: The following procedure is typical: a 

master batch of AIBN (4.1 mg, 0.025 mmol) and CPDB (33.2 mg, 0.15 mmol) were 

dissolved in anisole (10 mL). An aliquot of 1mL of the above solution was placed in 5 

mL ampoules together with MACP (376.5 mg, 1.00 mmol). The mixture was purged 

with argon for approximately 20 min to eliminate the oxygen. Then, the ampoules 

were flame-sealed and placed in an oil bath held by a thermostat at 80°C to 

polymerize. After predetermined time, each ampoule was quenched in ice water and 

opened. The reaction mixture was diluted with 2 mL THF and poured slowly into 200 

mL methanol. The precipitate was filtered, washed with methanol, and dried in 

vacuum at room temperature. The RAFT polymerization of MAEA was carried out 

with a similar procedure as that of MACP. 

 

Figure 5.1 Synthesis routes for the monomers and the azo polymers 
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5.2.4 Fabrication and Characterization of the Memory Devices 

The ITO coated glass substrate was pre-cleaned sequentially with deionized water, 

acetone, and isopropanol in an ultrasonic bath for 15 min. A N,N-dimethylacetamide 

(DMAc) solution of the azo polymer was spin-coated onto the ITO substrate, followed 

by solvent removal in a vacuum chamber at 10-5 Torr and 50°C for 10 h. The thickness 

of the polymer layer was about 50 nm, as determined by the AFM step profiling. 

Finally, an Al top electrode of 400 nm in thickness was thermally deposited onto the 

polymer layer through a shadow mask at a pressure of about 10-7 Torr. The electrical 

properties measurements were carried out on devices of 0.4×0.4 mm2, 0.2×0.2 mm2, 

and 0.15×0.15 mm2 in size, under ambient conditions, using an Agilent 4155C 

semiconductor parameter analyzer equipped with an Agilent 41501B pulse generator. 

The current density-voltage (J-V) data reported are based on device units of 0.4×0.4 

mm2 in size, unless stated otherwise. ITO was maintained as the ground electrode 

during the electrical measurements. 



 135

5.3 Results and Discussion 

5.3.1 Characterizations of the Azo Polymers 

The solubilities of the azo polymers in common organic solvents are summarized in 

Table 5.1. The two azo polymers exhibit good solubilities in common solvents, such 

as DMAc, DMF, NMP, THF and chloroform, at room temperature. Thus, they can be 

easily cast into uniform thin film from solution by spin-coating. GPC measurement 

shows that Mn of AzoNEtCN and AzoNEt are 10743 and 3507, respectively, with the 

polydispersity indexes being 1.37 and 1.47. 

Table 5.1 Solubilities of the azo polymers in common organic solvents 
 

Polymer 
Solubilitya 

DMAc DMF NMP THF CHCl3 

AzoNEt ++  ++ ++ ++ ++ 

AzoNEtCN ++  ++ ++ ++ ++ 
aSolubility measured in concentration of 1 mg·mL-1 
++: Soluble at room temperature 

The UV-visible absorption spectra of the two azobenzene polymers in diluted DMAc 

solution are demonstrated in Figure 5.2. The concentrations of AzoNEt and 

AzoNEtCN are 5×10-6 mg·L-1 and 1.5×10-6 mg·L-1, respectively. Both spectra exhibit 

two major absorption peaks. The absorption peak at the shorter wavelength originates 

from the π→π* transition of the aromatic rings, while the absorption peak at the 

longer wavelength is due to the vibrational coupling between the n→π* and π→π* 

electronic transitions of the trans-azobenzene chromophore (Gore and Wheeler, 1961). 

The absorption spectrum of AzoNEt is characterized by a close energetic proximity of 
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the π→π* and n→π* absorption bands, as demonstrated in Figure 5.2(a). The 

maximum absorption peak at 423 nm arises from the π→π* electronic transition, 

while the absorption shoulder at about 465 nm arises from the n→π* electronic 

transition. In comparison to AzoNEt, AzoNEtCN has a cyano acceptor group attached 

to the azobenzene chromophore. The push-pull configuration between the amino 

donor and cyano acceptor groups greatly enhances the CT characteristic in 

AzoNEtCN. Thus, delocalization of the π electrons is significantly enhanced, resulting 

in a red-shift in the π→π* absorption band. As shown in Figure 5.2(b), the π→π* 

absorption band of AzoNEtCN red shifts to 460 nm, much longer than that of AzoNEt 

(424 nm). The weak n→π* absorption band is buried under the intense π→π* 

absorption band, and is thus not observable. 

 

    
 
Figure 5.2 UV-visible absorption spectra of (a) AzoNEt and (b) AzoNEtCN in diluted 
DMAc solution, with their respective concentration being 5×10-6 mg·L-1 and 1.5×10-6 
mg·L-1, respectively. 
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5.3.2 Electrical Switching and Memory effects of the Azo Polymers 

The electrical behaviors of AzoNEtCN under electrical sweeps are demonstrated by 

the J-V characteristics of an ITO/AzoNEtCN/Al sandwich device, as exemplified in 

Figure 5.3(a). Initially, the device was swept positively (with ITO as the cathode and 

Al as the anode) from 0 to 4 V (the 1st sweep). It remained in the low-conductivity 

(OFF) state without any abrupt increase in the current density. However, when it was 

swept negatively (with ITO as the anode and Al as the cathode) from 0 to -4 V (the 

2nd sweep), the current density increased progressively with the applied bias, and 

exhibited an abrupt increase to the high-conductivity (ON) state at -3.4 V. Afterwards, 

the device remained in the ON state when the negative voltage sweep was repeated 

(the 3rd sweep). The ON state cannot be reset to the initial OFF state by the 

application of the positive sweep (the 4th sweep) and is thus irreversible. The device 

was able to remain in the ON state even after the power has been turned off. Thus, the 

AzoNEtCN device exhibits a non-volatile WORM type memory effect. Figure 5.3(b) 

shows the effect of operation time on the stability of the AzoNEtCN device. Under a 

constant stress of -1 V, no obvious degradation in current density was observed for 

both the ON and OFF states over a 6 h period. Figure 5.3(c) shows the effect of the 

reading pulses on the stability of the AzoNEtCN device. After 108 read pulses of -1 V, 

no degradation in current density was observed for both the ON and OFF states.  

 

The J-V characteristics of the AzoNEt device under electrical sweeps are 

demonstrated in Figure 5.3(d). During the 1st positive sweep from 0 to 4 V, the device 
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remained in the OFF state, similar to the behavior of the AzoNEtCN device in the 1st 

positive sweep. During the subsequent negative sweep from 0 to -4 V (the 2nd sweep), 

the device switched to the ON state at -3.2 V. The device remained in the ON state 

during the subsequent negative sweep (the 3rd sweep). Similar to the AzoNEtCN 

device, the AzoNEt device cannot be reset to the initial OFF state by the reverse 

positive sweep (the 4th sweep). However, different from the stable ON state of 

AzoNEtCN, the ON state of AzoNEt was unstable and can be retained for a period of 

about 2 min, after turning off the power. The result indicates the volatile feature of the 

ON state of AzoNEt. Afterwards, when the negative threshold voltage was re-applied 

(-3.2 V in the 5th sweep), the device can be re-programmed to the ON state. The 

volatile ON state can be electrically sustained either by a refreshing voltage pulse of 

-1 V (1 ms duration) in every 5 s (the ‘rf’ trace in Figure 5.3(d)) or a continuous bias 

of -1 V (Figure 5.3(f)). Thus, the electrical behaviors of the AzoNEt device share the 

common characteristics with that of a SRAM, except for the relatively long retention 

time (about 2 min) of the ON state. Figure 5.3(e) and 5.3(f) show that the AzoNEt 

device is stable in both ON and OFF states under a continuous stress of -1 V or read 

pulses of -1 V.  
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Figure 5.3 (a) J-V characteristics of a 0.4×0.4 mm2 ITO/AzoNEtCN/Al device. The 
sequence and direction of each sweep are indicated by the respective number and 
arrow. (b and c) Stability of the ON and OFF states of the AzoNEtCN device under a 
constant stress of -1 V and read pulses of -1 V. (d) J-V characteristics of a 0.4×0.4 
mm2 ITO/AzoNEt/Al device. The sequence and direction of each sweep are indicated 
by the respective number and arrow. The 4th was conducted about 2 min after turning 
off the power. The ON state was sustained by a refreshing pulse of -1 V (1 ms 
duration) in every 5 s, as shown by the ‘rf’ trace. (e and f) Stability of the ON and 
OFF states of the AzoNEt device under a constant stress of -1 V and read pulses of -1 
V. 
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During the experiment, the J-V characteristics are found to have good repeatability. In 

addition, along with the decrease in device area (0.4×0.4 → 0.2×0.2 → 0.15×0.15 

mm2), the current magnitudes in both states decrease linearly, indicating that the 

current density is independent on the device area. The structure-dependant electrical 

switching effects, good reproducibility and area-independent characteristics rule out 

the possibility of filament effect (Henisch and Smith, 1974), metal diffusion (Lim et 

al., 1998; Ma et al., 2000), and dielectric break down. 

 

5.3.3 Switching Mechanism 

It is reported that azobenzene compounds, such as Sudan I and Disperse Red I, are 

capable of undergoing charge trapping/detrapping upon light irradiation. The trapped 

charges can be stored for a long time and give rise to a high photoconductivity state, 

making these azobenzene dyes promising for electrooptical information storage. As 

the two azo polymers studied in this chapter contain similar azobenzene chromophore 

in the pendant moiety, the ability of the azobenzene chromophore to trap and store 

charges probably accounts for the observed electrical bistability. As shown in the J-V 

characteristics of the two memory devices, the ON state is non-volatile when the 

polymer has an electron-withdrawing terminal group at its pendant moiety, while is 

volatile when there is no terminal group. Thus, charge trapping, mediated by the 

terminal group of the pendant azobenzene chromophore, is probably responsible for 

the observed different electrical switching behaviors. 

 



 141

In order to study the electrical switching effects, molecular simulations of the two 

polymers were carried out with the Gaussian 03 program package. As the backbone 

moiety probably does not significantly affect the electronic properties, only the 

pendant azobenzene moiety was taken account in the molecular simulation. The 

energy levels of the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) of the two polymers are demonstrated in 

Figure 5.4, along with the work functions of ITO and Al electrodes. During the 

negative sweep (with ITO as the anode and Al as the cathode), the lowest energy 

barriers in both devices are located between the work function of ITO and the HOMO 

of the polymer (0.67 eV for AzoNEtCN and 0.34 eV for AzoNEt), indicating that hole 

injection from ITO into the HOMO is a favored process. Electron injection from Al 

into the LUMO is, however, much more difficult, due to the large energy barriers 

(1.91 eV for AzoNEtCN and 2.51 eV for AzoNEt). Thus, during the negative 

electrical sweep, the injected holes dominate the conduction process. As indicated by 

the ESP surfaces (Figure 5.4), both polymers show the presence of some minor 

negative ESP regions associated with the diazene group. These negative ESP regions 

can act as the “traps” to block the mobility of the injected holes. Thus, during the 

initial electrical sweep, the injected holes are blocked by the traps while hopping 

along the pendant azobenzene chromophores (Oh-e et al., 2002), resulting in the low 

current density. At the switch-on threshold voltage, the majority of the traps are filled 

by holes and a “trap-free” channel is formed for the injected hole to migrate through. 

As a result, the current density increases rapidly and the device switches to the 
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high-conductivity (ON) state.  

 

 
 
Figure 5.4 Summary of the HOMO and LUMO energy levels and surfaces, dipole 
moments, and ESP surfaces of AzoNEtCN and AzoNEt, determined by the molecular 
simulation. 

 

However, when the device is swept positively (with ITO as the cathode and Al as the 

anode), the energy barriers between the work function of Al and the HOMO of the 
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polymers (0.86 eV for AzoNEt and 1.19 eV for AzoNEtCN) is comparatively large, so 

the hole injection process is inhibited and the devices exhibit no electrical switching 

effect. This uni-directional switching behavior confirms that the electrical switching 

arises from the charge injection and trapping processes described above, rather than 

charge transfer process, which is normally associated with symmetric bi-directional 

electrical switching (Liu et al., 2009). 

 

Despite the similar electrical switching behaviors described above, the two polymers 

exhibit different volatility in their ON states, i.e., AzoNEtCN exhibits non-volatile ON 

state, while AzoNEt exhibits volatile ON state which can retain for about only 2 min. 

As the two polymers differ only in the terminal groups of their pendant moieties, the 

different ON state volatilities are believed to arise from the different terminal groups. 

The effects of the terminal groups on the resultant memory behaviors will be 

elucidated with the molecular simulation results in the following parts. 

 

As shown in Figure 5.4, the HOMO and LUMO surfaces of AzoNEtCN are 

comparatively asymmetric, with the former localized more on the amine side and the 

latter localized more on the cyano side. Such localization of electron density in the 

HOMO surface indicates a large ground state dipole moment. Upon HOMO → 

LUMO excitation, a larger dipole moment is generated for the excited state, due to the 

intramolecular CT between the amino and cyano groups. The HOMO and LUMO 

surfaces of AzoNEt are, however, more symmetric, due to the absence of any 



 144

electron-withdrawing terminal group. The more symmetric HOMO surface suggests a 

relatively small ground state dipole moment for AzoNEt. The molecular simulation 

results show that the ground state dipole moments of AzoNEtCN and AzoNEt are 

10.47 Debye and 4.12 Debye, respectively. Upon excitation, their dipole moments 

increase to 13.37 Debye and 5.72 Debye, respectively. The different excited state 

dipole moments are believed to play an important role for the different volatilities of 

the ON states. The large excited state dipole moment of AzoNEtCN can generate a 

strong internal electric field, which favors holding of the trapped charges as well as 

the conducting channel for charge carriers. A non-volatile ON state is thus observed in 

the AzoNEtCN device. As regards to AzoNEt, the small excited state dipole moment 

is not strong enough to hold the trapped charges and the conducting channel 

effectively. After removal of the applied electric field, the trapped charges are 

believed to be detrapped, and the conducting channel is blocked. As a result, a volatile 

ON state is observed in the AzoNEt device. 

 

Besides the dipole moment, intramolecular CT in the pendant azobenzene moiety is 

also affected by the terminal group. The intramolecular CT can be demonstrated by 

the different ESP surfaces of the azobenzene chromophore in ground and excited 

states. As ESP is the potential energy of a proton at a particular location of a molecule, 

it can reflect the local electron density. Accordingly, the negative ESP regions around 

the electron-withdrawing groups (diazene and cyano groups) suggest concentrated 

local electron density. For AzoNEtCN in the excited state, it exhibits a smaller 
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negative ESP region around the diazene group and a larger negative ESP region 

around the cyano group, in comparison to its ground state counterpart. This change in 

ESP surface indicates that upon excitation, intramolecular CT occurs from the amino 

donor group to the cyano acceptor group, through the mid-region conjugated 

azobenzene system. In the presence of the strong cyano acceptor group, the above 

intramolecular CT is stable, and can withstand the reverse bias and removal of the 

applied electric field. As a result, the trapped charges are stabilized, resulting in an 

irreversible and non-volatile ON state for the AzoNEtCN device. In comparison to 

AzoNEtCN, AzoNEt only exhibits a negative ESP region around the diazene group. 

Upon excitation, the negative ESP region is enlarged, indicating that in absence of the 

cyano group, the diazene group acts as the electron acceptor to pull electrons from the 

amino donor group. The acceptor effect of the diazole group is consistent with its 

moderate electron-withdrawing ability (Stoyanov et al., 1996). However, as the 

diazene group is only a weak acceptor, the intramolecular CT is unstable and cannot 

hold the trapped charges for a long time. After removal of the applied electric field, 

the conducting channel is easily blocked by the back transfer of charges, and the 

AzoNEt device relaxes to its initial OFF state. 
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Figure 5.5 UV-visible absorption spectra of (a) AzoNEt and (b) AzoNEtCN films 
spin-coated on ITO substrate. 
 

In addition to the above intramolecular CT, intermolecular CT is also likely to occur 

between the pendant azobenzene moieties. As indicated in Figure 5.5, the absorption 

maxima of the two azo polymers in solid state exhibit significant hypsochromic shift 

in comparison to those of their solutions. This shift in absorption band is associated 

with the formation of an antiparallel alignment between the neighboring pendant 

azobenzene moieties in the polymer films (Brown et al., 1995; Labarthet et al., 2000). 

In this alignment, the pendant azobenzene moieties in different molecule chains tend 

to antiparallelly interdigitate with each other, and the distance between the 

neighboring pendant moieties is decreased, as illustrated by schematic arrangement of 

the AzoNEtCN molecules (Figure 5.6). In the antiparallelly arranged AzoNEtCN 

molecules, the amino donor group of one pendant moiety faces the cyano acceptor 

group of a neighboring pendant moiety. This arrangement as well as the decreased 

inter-side chain distance facilitates the intermolecular CT between the cyano acceptor 

and amino donor groups, which is reported more stable than the intramolecular CT 

(Wu et al., 2003; Jiang et al., 2003). The trapped charges are thus further stabilized in 
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the excited AzoNEtCN molecules. The AzoNEt molecules also possess the 

antiparallel arrangement, with the diazene group of one pendant moiety facing the 

terminal phenyl ring of another pendant moiety. However, intermolecular CT is less 

likely to occur in AzoNEt, due to the weak interaction between the diazene and phenyl 

groups in neighboring pendant moieties. Thus, only the intramolecular CT occurs in 

AzoNEt, which is not strong enough to hold the trapped charges for a long time. 

 
Figure 5.6 Schematic representation of the antiparallel and interdigited arrangement 
of AzoNEtCN. 
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5.4 Conclusion 

Two azo polymers, AzoNEt and AzoNEtCN, with azobenzene chromophores in the 

pendant moieties, were studied for their electrical switching effects. Both polymers 

were found to exhibit uni-directional electrical switching from the OFF state to the 

ON state during the negative electrical sweep. The volatility of the ON state was 

found to be dependant on the electron-withdrawing ability of terminal group in the 

pendant azobenzene moiety. Non-volatile ON state was observed when the 

azobenzene moiety is attached by an electron-acceptor terminal group (cyano group in 

AzoNEtCN), while volatile ON state was observed when the azobenzene moiety has 

no terminal group (AzoNEt). The cyano group in AzoNEtCN gives rise to a large 

dipole moment and strong intramolecular CT, which help to stabilize the conducting 

channel for charge carriers and thus the high-conductivity (ON) state. On the other 

hand, without any terminal group, AzoNEt cannot hold the conducting channel, 

resulting in a volatile ON state. 
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ELECTRICAL SWITCHING AND MEMORY EFFECTS IN 

GRAPHENE OXIDES FUNCTIONALIZED WITH 

DIFFERENT CONJUGATED POLYMER SEGMENTS 
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6.1 Introduction 

Graphene is a one-atom-thick planar sheet of sp2 hybridized carbon atoms that are 

densely packed in a honeycomb crystal lattice. Its two dimensional (2D) network is 

the fundamental building block of other carbon-based materials, such as 0D fullerenes, 

1D carbon nanotubes and 3D graphite (Guldi and Sgobba, 2011; Ke et al., 2003; Saito 

et al., 1992). Due to this unique structure, graphene derivatives exhibit remarkable 

electronic (Eda et al., 2008; Geim and Novoselov, 2007; Novoselov et al., 2007), 

optical (Mak et al., 2008; Wang et al., 2008), magnetic (Nomura and MacDonald, 

2006; Wang et al., 2009), and mechanical (Dikin et al., 2007; Lee et al., 2008) 

properties, making them useful in a wide range of applications, such as field-effect 

transistor (Gilje et al., 2007), ultracapacitor (Stoller et al., 2008), ultrasensitive sensor 

(Schedin et al. 2007) and organic photovoltaic device (Liu et al., 2008). However, 

unlike fullerenes and carbon nanotubes, graphene tends to aggregate or restack 

irreversibly to form graphite, giving rise to technical difficulty in the fabrication of 

graphene-based electronic devices. To break this bottleneck, chemical 

functionalization of graphene has been developed to improve its solubility and 

processability yet preserving its superior properties. 

 

Incorporation of oxygen-containing groups, including hydroxyls, epoxides, carbonyls 

and carboxyls, into graphene can alter the interlayer van der Waals interaction and 

impart the desired water solubility. In addition, these groups can also provide sites for 
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chemical modification with specific functional groups that can improve the solubility 

of graphene in organic solvents. Along this line, two graphene oxide (GO)-polymer 

complexes, GO-PFTPA and GO-PFCzTPA, were designed in this chapter. In these 

two GO-polymer complexes, the GO moiety is attached by different polymer 

segments, which contains fluorene (GO-PFTPA) or fluorene and carbazole 

(GO-PFCzTPA) in the backbone and triphenylamine in the side chain, as shown in 

Figure 6.1.  

 

Figure 6.1 Molecular structures of the GO-polymer complexes 

 

Applications of these two GO-polymer complexes in electronic memories have been 

investigated. Under the applied electric field, charge transfer (CT) occurs between the 

polymer donor and GO acceptor moieties, giving rise to a stable conductive CT state. 

As a result, memory devices based on the GO-polymer complexes are switched from 

the initial low-conductivity (OFF) state to the high-conductivity (ON) state. Due to 

the large π conjugation in the GO nanosheet, the electron delocalization is stabilized 

and a non-volatile ON state is observed. However, a reverse bias can extract electrons 
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from the GO moiety and reset the device back to the initial OFF state. Molecular 

simulations and in-situ photoluminescence (PL) spectra of the GO-PFCzTPA solid 

film were carried out to demonstrate the mechanism underlying the reversible 

electrical switching phenomenon. 
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6.2 Experimental Section 

6.2.1 Materials 

Purified natural graphite was purchased from Shanghai Yifan Graphite Co. All the rest 

chemicals were purchased from Sigma-Aldrich Chemical Co. and used without 

further purification. All the organic solvents were purified, dried and distilled under 

dry nitrogen. Graphite oxide was prepared from graphite by the Hummers method 

(Hummers and Offeman, 1958; Xu et al., 2009), and dried for 10 days over P2O5 in a 

vacuum oven before use. 

 

6.2.2 Instrumentation 

FT-IR spectra were recorded on a Nicolet Magna-IR 550 spectrophotometer using 

KBr pellets. NMR spectra were measured on a Bruker 400 spectrometer operating at 

400 MHz in deuterated chloroform solution with a tetramethylsilane (TMS) as the 

reference for chemical shifts. Mass spectra (MS) were obtained on a Micromass 

GCTTM mass spectrometer. UV-visible absorption spectra were measured on a 

Shimadzu UV-2450 spectrophotometer. Photoluminescence (PL) spectra were 

measured on a HORIBA Jobin Yvon FluoroMax-4 spectrofluorometer, and the 

absolute photoluminescence quantum yields were measured by integrating sphere 

method (Porrès et al., 2006) on the same instrument. The samples for PL measurement 

were dissolved in dry THF, filtered and transferred to a long quartz cell, and then 
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capped and bubbled with high purity argon for at least 15 minutes before 

measurement. Other instruments used in this chapter are the same as in Chapter 3. 

  

6.2.3 Synthesis of the GO-Polymer Complexes 

The two GO-polymer complexes were prepared and characterized by Prof. Chen Yu, 

Mr. Zhuang Xiao-Dong and Mr. Zhang Bin from East China University of Science 

and Technology. 

 

6.2.3.1 Synthesis of GO-PFTPA 

The synthesis route of GO-PFTPA is illustrated in Figure 6.2. Details on the 

preparation and characterizations are given below. 

 

Synthesis of 9,9-bis(4-diphenylaminophenyl)-2,7-dibromofluorene (2): A mixture of 

2,7-dibromofluorenone (1.72g, 5.10 mmol) and triphenylamine (17.5g, 0.07 mol) in 

methylsulfonic acid (0.49g, 5.10 mmol) was reacted at 140°C with constant stirring 

under argon atmosphere for 6 h. After cooling to the room temperature, the mixture 

was extracted with dichloromethane, and the extract was washed with aqueous 

solution of Na2CO3 until the aqueous layer reached neutral. The extract was dried and 

concentrated, followed by purification with column chromatography on silica with 

hexane-dichloromethane as the eluent. The crude product was recrystallized from 



 155

acetone to give the triphenylamine-substituted 2,7-dibromofluorene (2.95g, 70%). MS: 

m/z=811[M+]. 1H-NMR (CDCl3, 400 MHz), δ(ppm): 6.99 (m, 20H, aryl H), 7.22 (m, 

8H, aryl H), 7.46 (d, 2H), 7.51 (d, 2H),7.56 (d, 2H). 

 

Synthesis of the PFTPA copolymer: Monomer 1 was synthesized from 2,7- 

dibromofluorenone according to the method reported previously (Chou et al., 2005). 

Pd(PPh3)4 (4 mg) was added to the mixture of monomer 1 (172 mg, 0.34 mmol), 

monomer 2 (274 mg, 0.34 mmol), 9,9-dihexylfluorene-2,7-bis(boronic acid pinacol 

ester) (4) (400 mg, 0.68 mmol), K2CO3 (400 mg, 3 mmol) and tetrabutylammonium 

bromide (TBAB, 60 mg, 0.2 mmol) in a glove box. Degassed toluene (10 mL) and 

deionized water (4 mL) were added into the above mixture by syringe. After heating 

the mixture at 80°C under nitrogen atmosphere for 42 h, excess phenylboronic acid 

and bromobenzene were added as the end-capping reagents sequentially in a 12 h 

interval. The mixture was then extracted with chloroform for three times, and the 

combined organic extract was washed with water and brine, and dried over anhydrous 

Na2SO4. The salt was filtered and concentrated into a small volume. The solution was 

added dropwise into stirred methanol. After filtration, the collected solid was purified 

by reprecipitating from methanol and then Soxhlet extraction with acetone. The 

precipitate was dried under vacuum to give the pale yellow PFTPA solid (296 mg, 

52.8%). FT-IR (KBr, cm-1): 1591, 1493, 1456, 1414, 1354, 1323, 1275, 1180, 1144, 

1105, 1080, 1020, 964, 812, 752, 696, 633, 507. 1H NMR (CDCl3, 400 MHz), δ(ppm): 

8.00-8.10 (m, 1H), 7.80-7.90 (m, 2H), 7.60-7.80 (m, 5H), 7.45-7.60 (m, 5H), 
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7.15-7.25 (m, 8H), 7.05-7.15 (m, 4H), 6.90-7.05 (br, 4H), 6.60 (br, 2H), 3.60 (br, 2H), 

1.80-2.20 (br, 4H), 0.98-1.08 (m, 12H), 0.50-0.80 (m, 10H). 

 

Synthesis of GO-PFTPA:  The COOH-containing graphene oxide (15 mg) was 

reacted with a large excess of SOCl2 containing a catalytic amount of 

N,N-dimethylformamide (DMF) under reflux for 24 h under argon atmosphere. After 

removal of the residual SOCl2 under vacuum, the obtained graphene oxide with 

surface-bonded acryl chloride moieties was directly used to react with 150 mg of 

PFTPA, which contains side NH2 groups in each polymer chain, in DMF (50 ml) at 

130°C for 3 days under argon atmosphere in the presence of triethylamine (Et3N, 30 

mL). After cooling to room temperature, a large amount of water was added to the 

above reaction mixture to remove the triethylammonium salts formed during the 

reaction. The crude product was collected by filtration, re-dissolved in a small amount 

of DMF, and then precipitated from methanol for at least 3 times. The obtained 

GO-PFTPA (149 mg) was dried in vacuum at 65°C for 2 days. 

 

6.2.3.2 Synthesis of GO-PFCzTPA 

The synthesis route of GO-PFCzTPA is also illustrated in Figure 6.2. Details on the 

preparation and characterizations are given below. 

 

Synthesis of 3,6-dibromo-N-(4-nitrophenyl)carbazole (3): N-(4-nitrophenyl) carbazole 

was synthesized according to the method reported previously (Chen et al., 2006). A 
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mixture of N-(4-nitrophenyl) carbazole (2.89 g, 10 mmol) and N-Bromosuccinimide 

(NBS) (3.91 g, 22 mmol) was stirred in 70 mL anhydrous DMF at room temperature 

for 48 h. Ice deionized water was then added to the mixture, and yellow precipitate 

appeared. The yellow solid was purified by washing with anhydrous methanol and 

then dried under vacuum overnight, to give the product (3.34 g, 75%). 1H NMR 

(CDCl3, 400 MHz), δ(ppm): 8.51 (d, 1H, aryl H), 8.49 (d, 1H, aryl H), 8.21 (m, 1H, 

aryl H), 8.21 (m, 1H, aryl H), 7.75(d, 1H, aryl H), 7.73 (d, 1H, aryl H), 7.57-7.54 (m, 

2H, aryl H), 7.34 (m, 1H, aryl H), 7.32 (m, 1H, aryl H). 

 

Synthesis of the copolymer P1: The copolymer P1 was synthesized by the similar 

procedure as the PFTPA copolymer, with monomer 2, 3 and 4 as the reactants. 1H 

NMR (CDCl3, 400 MHz), δ(ppm): 8.0-8.3 (m, 4H), 7.3-7.9 (m, 20H), 6.7-7.2 (m, 

34H), 1.91-2.10 (m, 8H), 0.92-1.10 (m, 24H), 0.51-0.77 (m, 20H). 

 

Synthesis of the PFCzTPA copolymer: A mixture of P1 (200 mg) and SnCl2·2H2O 

(250 mg) in THF (40 mL) was refluxed for 6 h. The mixture was concentrated under 

reduced pressure and treated with 40 mL deionized water, followed by pH adjustment 

to 9 with 10% NaOH aqueous solution. The mixture was extracted with chloroform, 

and the extract was washed with saturated brine and deionized water. The extract was 

then dried and concentrated to afford the yellow PFCzTPA solid (178mg). 1H NMR 

(CDCl3, 400 MHz), δ(ppm): 8.0-8.3 (m, 2H), 7.3-7.9 (m, 22H), 6.7-7.2 (m, 34H), 

3.79-3.85 (s, 2H), 1.91-2.10 (m, 8H), 0.92-1.10 (m, 24H), 0.51-0.77 (m, 20H). 
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Synthesis of GO-PFCzTPA: GO-PFCzTPA was prepared by reaction between the 

PFCzTPA polymer and the graphene oxide containing surface-bonded acryl chloride 

moieties, similar to the synthesis procedure of GO-PFTPA. 
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Figure 6.2 Synthesis routes for the monomers and the GO-polymer complexes 



 159

6.2.4 Fabrication and Characterization of the Memory Devices 

The ITO coated glass substrate was pre-cleaned sequentially with deionized water, 

acetone and isopropanol in an ultrasonic bath for 15 min. A 100 µL 

N,N-dimethylacetamide (DMAc) solution of the functional graphene derivative (10 

mg·mL-1) was spin-coated onto the ITO substrate at a spinning rate of 1000 rpm, 

followed by solvent removal in a vacuum oven at 10-5 Torr and 50°C for 10 h. The 

thickness of the polymer layer was about 50 nm, as determined by the AFM edge 

profiling. Finally, an Al top electrode of about 400 nm in thickness was thermally 

deposited onto the material surface through a shadow mask at a pressure of about 10-7 

Torr. Electrical property measurements were carried out on devices of 0.4×0.4 mm2, 

0.2×0.2 mm2, and 0.15×0.15 mm2 in size, under ambient conditions, using an Agilent 

4155C semiconductor parameter analyzer equipped with an Agilent 41501B pulse 

generator. The current density-voltage (J-V) data reported were based on device units 

of 0.4×0.4 mm2 in size, unless stated otherwise. ITO was maintained as the ground 

electrode during the electrical measurements. 

 

6.2.5 Molecular Simulation 

Molecular simulations of the two functional graphene derivatives were carried out 

with the Gaussian 03 (Revision E. 01) program package on a Hewlett-Packard Xeon 

Two Sockets Quad-Core workstation with 8 CPUs and 16 GByte memory. Molecular 

orbitals and their energy levels were calculated with density function theory (DFT) in 
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B3LYP/6-31G(d) level (Frisch et al., 2004). Vibrational frequencies were calculated 

analytically to ensure that the optimized geometries really correspond to the total 

energy minima. 
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6.3 Results and Discussion 

6.3.1 Characterizations of the GO-Polymer Complexes 

The solubilities of the GO-polymer complexes in common organic solvents are 

summarized in Table 6.1. Due to the presence of long alkyl substitutes in the polymer 

segments, the two functionalized GOs exhibit good solubilities in common solvents, 

such as DMAc, THF, chloroform and dichloromethane, at room temperature. Thus, 

they can be easily fabricated into electronic deivces via solution process. 

 
Table 6.1 Solubilities of the GO-polymer complexes in common solvents 

 

Polymer 
Solubilitya 

DMAc NMP THF CHCl3 CH2Cl2 

GO-PFTPA ++  +- ++ ++ ++ 

GO-PFCzTPA ++  +- ++ ++ ++ 
aSolubility measured in concentration of 1 mg·mL-1 
++: Soluble at room temperature 
+-: Partially soluble at room temperature 
 

Figure 6.3 shows the UV-visible absorption spectra of GO-PFTPA and GO-PFCzTPA 

in THF at a concentration of ~ 1×10-2 mg·L-1. The absorption spectrum of 

GO-PFCzTPA was normalized to the maximum absorption of GO-PFTPA for ease of 

comparison. As shown in Figure 6.3, both spectra exhibit a sharp absorption at 239 

nm and a maximum absorption at 303 nm, which arise, respectively, from the 

electronic transition of benzene ring within the fluorene group (Kim et al., 2005) and 

absorption of the triphenylamine group (Bolognesi et al., 2009). In addition, 
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GO-PFTPA also shows a strong absorption shoulder at 366 nm, originating from the 

π→π* transition of the conjugated fluorene backbones (Promarak et al., 2007). The 

absorption shoulder of GO-PFCzTPA, however, is significantly reduced, due probably 

to the fact that incorporation of the carbazole group reduces the effective conjugation 

of the fluorene backbone (Li et al., 2004; Lu et al., 2004). 

 

The PL spectra of the two graphene derivatives in THF are shown in Figure 6.4. The 

concentration of GO-PFTPA and GO-PFCzTPA are both at ~ 1×10-2 mg·L-1. All the 

emission spectra were obtained with the excitation wavelength of 370 nm. As shown 

in Figure 6.4, GO-PFTPA shows a series of well-resolved vibronic emissions at 416 

nm, 437 nm and 470 nm, which are assigned, respectively, to the S1 → S0 0-0, 0-1 and 

0-2 intrachain singlet transitions of the fluorene backbone (Li et al., 2004). In 

comparison to GO-PFTPA, the PL spectrum of GO-PFCzTPA becomes less resolved 

and exhibits blue-shifts in its vibronic emissions, attributed probably to the fact that 

incorporation of the carbazole group interrupts the effective conjugation and 

intrachain ordering of the fluorene backbone (Miguel et al., 2009). In addition, the PL 

quantum yields (ФPL) of the two graphene derivatives, and their respective polymer 

donor moieties were measured by integrating sphere method. The PL quantum yields 

of GO-PFTPA and GO-PFCzTPA are 0.31 and 0.24, respectively, smaller than those 

of their corresponding polymer segments, i.e., PFTPA (0.54) and PFCzTPA (0.31). 

The partial fluorescence quenching in the graphene-donor complexes originates 

probably from the CT between the GO moiety and the attached polymer donor 

segment (Shibano et al., 2006; Lukas et al., 2002). 



 163

 
 

Figure 6.3 UV-visible absorption spectra of the two GO-polymer complexes in THF, 
at a concentration of ~ 1×10-2 mg·L-1. The absorption spectrum of GO-PFCzTPA was 
normalized to the maximum of GO-PFTPA at 303 nm for ease of comparison. 

 

 

 
Figure 6.4 PL spectra of the two GO-polymer complexes in THF, at a concentration 
of ~ 1×10-2 mg·L-1. All the emission spectra were obtained with the excitation 
wavelength of 370 nm. The emission spectrum of GO-PFCzTPA was normalized to 
the maximum emission of GO-PFTPA at 416 nm for ease of comparison. 
 

Figure 6.5 shows the AFM images of GO-PFTPA and GO-PFCzTPA films, prepared 
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by spin-coating the corresponding DMAc solution (5 mg·mL-1) onto ITO-coated glass 

and drying under vacuum. Both materials exhibit flat and uniform surfaces, indicating 

their superior processabilities and good morphologies. The sporadic pits on the film 

surface probably arise from unremoved particles on the ITO surface. The flat and 

uniform morphology is desirable for fabricating electronic devices with reproducible 

and durable performance. 

    
 
Figure 6.5 AFM images of (a) GO-PFTPA (0 - 5 µm) and (b) GO-PFCzTPA (0 - 5 µm) 
films spin-coated on ITO-coated glass from DMAc solution (5 mg·mL-1) 

6.3.2 Electrical Switching and Memory effects of the GO-Polymer Complexes 

The switching effect of GO-PFTPA is demonstrated by the J-V characteristics of an 

electronic device with the GO-PFTPA film sandwiched between the ITO and Al 

electrodes, as shown in Figure 6.6(a). The device was initially in the low-conductivity 

(OFF) state. During the 1st negative sweep (with Al as the cathode and ITO as the 

anode) from 0 to -4 V, the device exhibited an abrupt increase in current density at 

-1.2 V, indicating the electrical switching from the initial OFF state to the 

high-conductivity (ON) state. This electrical switching is equivalent to the “writing” 

(a) (b)
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process in a digital memory cell. The ON/OFF current ratio is about 500 at -1 V. The 

ON state can be retained after turning off the power supply (the 2nd sweep), 

indicating the non-volatile nature of the ON state. When a positive sweep from 0 to 4 

V was applied (the 3th sweep), the ON state can be reset to the initial OFF state at 

+2.8 V. This switch-off process is equivalent to the “erasing” process of a digital 

memory cell. The device is thus reversible and allows for application in a rewritable 

data storage system. The subsequent 4th sweep was applied after removing the power 

supply. The device was observed to retain in the low-conductivity state, indicating its 

good stability in the OFF state. The ability to write, read and erase the electrical states, 

as well as the non-volatile nature of the ON and OFF states, fulfill the functionality of 

a flash type memory. As indicated by the subsequent 5th to 12th sweeps, the above 

write-read-erase-read switching cycles can be repeated with good accuracy, except for 

the slight variations in switching threshold voltages, associated probably with 

conformational relaxation of the polymer chain. In addition, devices with different 

active areas of 0.4×0.4 mm2, 0.2×0.2 mm2 and 0.15×0.15 mm2 show almost the same 

J-V characteristics, indicating that the current density is independent on the device 

areas. The rewritable electrical states, good reproducibility, and area-independent 

current density, rule out the possibility of filament conduction (Henisch and Smith, 

1974), metal diffusion (Lim et al., 1998; Ma et al., 2000), and dielectric breakdown in 

the present device. 
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Figure 6.6 (a) J-V characteristics of a 0.4×0.4 mm2 ITO/GO-PFTPA/Al device. The 
sequence and direction of each sweep are indicated by the respective number and 
arrow. (b and c) Stability of the ON and OFF states of the GO-PFTPA device under a 
constant stress of -1 V and read pulses of -1 V. (d) J-V characteristics of a 0.4×0.4 
mm2 ITO/GO-PFCzTPA/Al device. (e and f) Stability of the ON and OFF states of the 
GO-PFCzTPA device under a constant stress of -1 V and read pulses of -1 V. The 
insets of (c) and (f) show the pulse used for measurement. 
 

Figure 6.6(b) shows the effect of operation time on the stability of the GO-PFTPA 

device. Under a constant stress of -1 V, no obvious degradation in current density was 
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observed for both the ON and OFF states over a 3 h period. In addition, the two 

electrical states were also stable up to 108 read pulses of -1 V, as shown in Figure 

6.6(c). 

 

The GO-PFCzTPA device exhibits similar rewritable electrical switching effects as 

the above GO-PFTPA device, except for a slightly higher ON/OFF current ratio and a 

larger switch-off threshold voltage, as shown in Figure 6.6(d). The difference in 

memory effects arises probably from incorporation of the carbazole group in the 

attached polymer segment. The detailed mechanism will be elucidated in the 

following section. Figures 6.5(e) and 6.5(f) show, respectively, the effect of operation 

time and read pulses on the stability of the GO-PFCzTPA device. Under a constant 

stress of -1 V or read pulses of -1 V, no obvious degradation in current density was 

observed for both the ON and OFF states. 
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6.3.3 Switching Mechanism 

To better understand the switching behaviors of the GO-polymer complexes, 

computational studies have been performed on the two GO-polymer complexes using 

DFT method at the B3LYP/6-31G(d) level (Frisch et al., 2004). To save the computing 

resources, simplified GO-polymer modals were employed for the calculation. In the 

modals, the GO moiety contains 4×4 aromatic rings together with four kinds of 

oxygen functionalities, i.e., epoxide, hydroxyl, carbonyl and carboxyl, and the 

polymer segment contains one repeat unit, including all the functional moieties. The 

first three highest occupied molecular orbitals (HOMO, HOMO2, and HOMO3) and 

the lowest unoccupied molecular orbitals (LUMO) of the modal, as well as the 

plausible electronic transitions under excitation, are demonstrated in Figure 6.7. As 

the two graphene derivatives have similar molecular structures and thus electronic 

properties, only the molecular simulation results of GO-PFTPA were elaborated in 

detail. As shown in Figure 6.7(a), the LUMO of GO-PFTPA is located on the GO 

moiety, indicating that the GO moiety acts as the electron acceptor. The first three 

highest occupied molecular orbitals (HOMO, HOMO2, and HOMO3) are located on 

the triphenylamine, GO and fluorene moieties, respectively, indicating that all the 

functional moieties are able to donate electrons. 

 

In the as-cast GO-PFTPA film, the oxygen functionalities introduce a number of 

defect sites composed of sp3 hybridized C atoms, which limit the in-plane charge 
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transportation in the GO nanosheets and lead to a low electrical conductivity of the 

functionalized GO (Kong et al., 2009; Stankovich et al., 2007). In addition, the 

attached polymer segment tends to intercalate between the neighboring GO 

nanosheets and acts as a tunneling barrier for the transverse charge transportation 

(Connolly et al., 2009). As a result, the as-fabricated GO-PFTPA device remained in 

the low conductivity (OFF) state during the initial electrical sweep. At the switching 

threshold voltage, electrons transit readily from HOMO2 to LUMO within the GO 

moiety, forming a locally excited state. Electron transition from HOMO and HOMO3 

to LUMO, however, is inhibited, due to the absence of overlapping between LUMO 

and the two HOMOs. Alternatively, electrons in HOMO3 can overcome the energy 

barrier between HOMO3 and HOMO2 (0.66 eV) and fill the generated holes in 

HOMO2, followed by the spontaneous electron transition from HOMO to HOMO3. 

As a result, the excited electrons in LUMO can reside in the GO nanosheet and 

delocalize among the giant π-conjugation system. Due to the strong reducibility, these 

electrons can probably reduce the GO to graphene. Based on the J-V curve and film 

thickness, the electrical conductivity of GO-PFTPA in ON state is calculated to be 

6.7×10-3 S m-1, comparable to that (6.7×10-3 S m-1) (Kong et al., 2009) of GO treated 

by hydrazine solution for 1 h according to the method reported previously (Li et al., 

2008). In the partially reduced GO nanosheets, the defect sites associated with oxygen 

functionalities are significantly eliminated, allowing a better electron delocalization 

and transportation in both in-plane and transverse directions. As a result, the device is 

switched from the OFF state to the ON state. The above electrical field-induced CT in 
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the GO-polymer donor complexes is consistent with the previously reported 

photoinduced CT between graphene and functionalized polyfluorene (Qi et al., 2010) 

or CdSe nanoparticles (Lin et al., 2010; Geng et al., 2010)  

 

 
 

  
 
Figure 6.7 Calculated molecular orbitals and plausible electronic transitions under the 
electric field of (a) GO-PFTPA and (b) GO-PFCzTPA modals 
 

Due to the giant π-conjugation plane, the electrons can delocalize intensively in the 

GO nanosheets, making the conductive CT state stable even after removing the 
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applied bias. The flexible amide linker between GO and polymer segment can also 

inhibit the backwards CT. A non-volatile ON state is thus observed. However, a 

reverse positive bias with sufficient energy can extract electrons from the graphene 

nanosheet and dissociate the CT state, returning the device back to the initial OFF 

state. 

 

When the carbazole group is incorporated into the fluorene backbone of the polymer 

segment (GO-PFCzTPA), the molecular orbitals associated with the polymer segment 

(HOMO1 and HOMO3) exhibit increases in energies, as shown in Figure 6.7(b). This 

is attributed to the fact that the carbazole group possesses better electron-donating 

ability than the fluorene group (Yang et al., 2005). As a result, the CT complexes in 

GO-PFCzTPA are more stable and require a higher energy to dissociate. A larger 

switch-off threshold voltage (3.3 V) is thus observed in the GO-PFCzTPA device in 

comparison to that of the GO-PFTPA device (2.8 V). The HOMO2 and LUMO 

located in the GO moiety, however, do not show any change in energy. As the 

electronic excitation is dominated by the HOMO2 → LUMO transition, the two 

devices exhibit comparable switch-on threshold voltages (-1.2 V for GO-PFTPA vs 

-1.3 V for GO-PFCzTPA). In addition, as indicated by the UV-visible absorption and 

PL spectra, incorporation of the carbazole group interrupts the effective conjugation 

and intrachain ordering of the fluorene backbone (Li et al., 2004; Lu et al., 2004). 

Thus, the charge migration along the polymer backbone is limited in the pre-excited 

GO-PFCzTPA molecule, resulting in a lower OFF state current. Due to the 
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comparable ON state currents of the two devices, a higher ON/OFF current ratio (~ 

2000 at -1 V) is observed in the GO-PFCzTPA device in comparison to that of the 

GO-PFTPA device (~ 500 at -1 V). 

 

 
 
Figure 6.8 In-situ PL spectra of the GO-PFCzTPA film in an ITO/polymer/Al 
sandwich device under electrical biases. OFF-1 denotes the emission spectrum before 
applying any electric bias, while ON-1 to OFF-3 denote, respectively, the emission 
spectra after applying the respective electrical bias indicated in the bracket (with Al as 
the working electrode and ITO as the ground electrode). 

 

To elucidate the above electric field-induced CT process, in-situ PL spectra of the 

GO-PFCzTPA film in an ITO/polymer/Al sandwich device under electrical biases 

were studied (Figure 6.8). The electrical biases were applied on the Al electrode, with 

ITO as the ground electrode. All the emission spectra were obtained at the excitation 

wavelength of 320 nm. In Figure 6.8, OFF-1 denotes the PL spectrum of the 

GO-PFCzTPA film prior to application of the electrical bias, corresponding to the 
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initial OFF state in the J-V characteristics of the GO-PFCzTPA device (Figure 6.6(d)). 

The PL spectrum exhibits a maximum fluorescence at 396 nm and a fluorescence 

shoulder at around 430 nm, arising probably from the conjugated backbone of the 

polymer segments (Ying et al., 2009). In addition to the above two intense emission 

features, the GO-PFCzTPA film also exhibits a less obvious, structureless emission in 

the green region (between 450 nm ~ 550 nm), which is believed to arise from the 

inter-chain/inter-segmental interactions between the oxidation-induced fluorenone 

defects (Sims et al., 2004). 

 

When a negative bias (-4 V) larger than the switch-on threshold voltage (-1.3 V) is 

applied on the GO-PFCzTPA device, electrical switching of the film from the OFF 

state to the ON state is triggered. The corresponding PL spectrum (denoted by ON-1) 

exhibits a decrease in intensity of all the three emission components. This partial 

fluorescence quenching indicates decay of the excited singlet state of the polymer 

backbone, which is believed to arise from CT from the polymer segment to the 

graphene moiety, as described above (Shibano et al., 2004). As a result, the 

conductive CT states are formed, and the current density increases abruptly to switch 

the device to the ON state. When a positive electrical sweep is applied on the 

GO-PFCzTPA device, for example, the 3th sweep in Figure 6.6(e), electrons in the 

graphene nanosheets are extracted and the CT states dissociate. The device is thus 

switched back to the initial OFF state. The erasing of the ON state is supported by the 

recovery of the initial PL spectrum corresponding to the OFF state after applying a 
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positive bias of +4 V (OFF-2 spectrum in Figure 6.8). However, a slight decrease in 

intensity of the main emission bands is observed in the OFF-2 spectrum in 

comparison to the initial OFF-1 spectrum, indicating that the conformational 

relaxation of the polymer chain lags behind the corresponding change in the applied 

electric field (Ling et al., 2007; Liu et al., 2009). The “ON-OFF” changes in the PL 

spectra matches the write-erase processes in the J-V characteristics of the 

GO-PFCzTPA device, and can be repeated with good accuracy, as indicated by the 

subsequent ON-2, OFF-3 and ON-3 spectra in Figure 6.8. 
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6.4 Conclusion 

Two solution-processable GO-polymer complexes, GO-PFTPA and GO-PFCzTPA, 

containing the GO moiety and conjugated polymer segments, were characterized with 

respect to their electrical switching and memory effects. Devices based on the two 

materials with the ITO/polymer/Al sandwich structure can be switched “ON” and 

“OFF” during the negative and positive electrical sweeps, respectively. The switch-on 

threshold voltages of the two devices are comparable, while the switch-off threshold 

voltage and ON/OFF current ratio of the GO-PFCzTPA device are slightly larger than 

those of the GO-PFTPA device. This difference in electrical switching effects arises 

from incorporation of the carbazole group in GO-PFCzTPA, which can interrupt the 

backbone conjugation and further stabilize the CT state. The molecular simulation 

results indicate that the polymer segment acts as the electron donor, while the GO 

moiety acts as the electron acceptor. Electric field-induced CT between the donor and 

acceptor moieties gives rise to a conductive CT state, accounting for the electrical 

switching from the OFF state to the ON state. The large π conjugation surface of the 

GO nanosheets facilitates the electron delocalization and stabilizes the CT state, 

dictating the non-volatile nature of the ON state. A reverse bias can extract electrons 

from the GO moiety and reset the device back to the initial OFF state. The electric 

field-induced CT process was further elucidated from the fluorescence quenching and 

recovery in the PL spectra, obtained in-situ, of the GO-PFCzTPA film under electrical 

biases. 
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The present research work has attempted to develop a series of solution-processable 

copolymers, which can provide the required electronic properties within a single 

macromolecule and yet still possess good chemical, mechanical and morphological 

characteristics. Memory devices based on the copolymers have been fabricated with a 

polymer thin film sandwiched between the ITO and Al electrodes. Current 

density-voltage characteristics of the memory devices indicate that the switching 

effects, including current magnitudes, ON state volatility and reversibility, and 

switching threshold voltages, are dependant to a large extent on the molecular 

structures of the copolymers. The effect of different functional groups (electron-donor 

or -acceptor moieties) on the resultant memory effects have been studied with the aid 

of molecular simulation and experimental characterizations. 

 

First of all, a series of functional polyimides, containing the same electron-acceptor 

moiety (phthalimide) but different electron-donor moieties (e.g., oxadiazole, 

triphenylamine-substituted oxadiazole, triphenylamine-substituted triazole, etc), were 

designed and studied for their electrical switching and memory effects. Electric 

field-induced charge transfer (CT) between the electron-donor and -acceptor moieties 

is responsible for the electrical switching effects. In TP6F-PI containing the simple 

triphenylamine donor moiety, an unstable CT occurs between the donor and acceptor 

moieties and results in the volatile and rewritable ON state. When oxadiazole or 

triazole group is incorporated between the phthalimide and triphenylamine moieties 

(such as in OXTA-PI, AZTA-PI and AZTA-PEI), the free volume in polymer matrix is 
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increased and the electric field-induced conformational change is facilitated, which 

can introduce an energy barrier for dissociation of the conductive CT complexes. 

Non-volatile and non-rewritable ON states were thus observed in memory devices 

fabricated from these materials. In P(BPPO)-PI, the strong triphenylamine donor 

moiety is removed, while an additional phenoxyl group is incorporated between the 

phthalimide and oxadiazole moieties. The flexible phenoxyl group facilitates 

conformational change under the electrical field, giving rise to an energy barrier for 

dissociation of the CT complexes. As a result, the high-conductivity (ON) state cannot 

be erased by a reverse bias, and exhibited “remanence” for a period of 4 min after 

turning off the power. Due to the limited charge delocalization in the weak oxadiazole 

donor moiety, the ON state is volatile in nature and is eventually lost when the 

memory is not powered. 

 

Next, two polyfluorene copolymers, TPATz-F8 and TPATz-F8BT, containing fluorene, 

triphenylamine and triazole moieties, with TPATz-F8BT containing also the 

benzothiadiazole moieties, were characterized for their memory effects. Memory 

devices based on the two polymers exhibited similar non-volatile and rewritable 

electrical switching effects. Molecular simulation results indicate that the fluorene and 

triphenylamine groups act as the electron donors, while the triazole and/or 

benzothiadiazole groups act as the electron acceptors. Electric field-induced CT 

between the donor and acceptor moieties gives rise to a conductive CT state, 

accounting for the electrical bistability. Incorporation of the electron-deficient 
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benzothiadiazole group in TPATz-F8BT blocks charge migration along the conjugated 

backbone and thus lowers the ON state current by about one order of magnitude, 

indicating the possibility of tuning the ON/OFF current ratio by tailoring the 

molecular structure. 

 

Subsequently, two azo polymers, with the pendant azobenzene moieties attached by 

cyano terminal group (AzoNEtCN) or no terminal group (AzoNEt), were developed 

for memory applications. Both polymers exhibited uni-directional electrical switching 

during the negative sweep. Charge injection and trapping process is responsible for 

the observed electrical bistability. The volatility of the ON state was found to be 

dependant on the terminal group in the pendant azobenzene moiety. The ON state is 

non-volatile when the azobenzene moiety is attached by an electron-acceptor terminal 

group (AzoNEtCN), while it is volatile when the azobenzene moiety has no terminal 

group (AzoNEt). The strong cyano acceptor group in the pendant azobenzene miety of 

AzoNEtCN can induce a large dipole moment and a strong intramolecular CT, which 

help to hold the conducting channel for charge carriers. However, in the absence of 

any terminal group in the pendant azobenzene moiety (AzoNEt), the dipole moment is 

not strong enough to hold the conducting channel effectively. 

 

Lastly, two functionalized graphene oxides (GOs), GO-PFTPA and GO-PFCzTPA, 

were designed and studied for their memory effects. In these two functionalized GOs, 

the GO moiety is attached by different polymer segments, which contain fluorene 
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(GO-PFTPA) or fluorene and carbazole (GO-PFCzTPA) in the backbone and 

triphenylamine in the side chain. Both graphene derivatives exhibited similar 

non-volatile and rewritable electrical bistability under the electrical sweeps. Electrical 

field-induced CT between the polymer donor and graphene acceptor moieties 

accounts for the electrical switching effects. The intensive π conjugation in the GO 

nanosheets facilitates the electron delocalization and stabilizes the conductive CT 

state (ON state). However, a reverse bias can extract electrons from the GO moiety 

and reset the device back to the OFF state. Incorporation of the carbazole group in 

GO-PFCzTPA further stabilizes the CT state and interrupts the effective backbone 

conjugation, resulting in a larger switch-off threshold voltage and a higher ON/OFF 

current ratio in the GO-PFCzTPA device. 

 

The present research work has focused on investigating a series of electroactive 

polymers with different functional groups for electrical switching and memory 

application. The effects of molecular structures on the resultant switching and 

memory behavior have been studied to elucidate the underlying mechanisms. 

Despite these efforts, it is still a long way to go to realize the practical application of 

polymers in memory devices. In the future work, novel copolymers with different 

electron-donor or -acceptor moieties should be investigated for their memory 

behaviors, to systemically study the relationship between the functional groups and 

the resultant switching effects. More experimental works, including electrical and 

optical characterizations, should also be carried out to validate the mechanisms 
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underlying the switching effects and memory behavior. In addition, to minimize the 

environmental impact and improve the device stability and lifetime, encapsulation 

techniques should be introduced into the polymer memory devices. Polymer memory 

can be further integrated into cross-point memory array and 3D stacked multilayer 

devices for high-density data storage. 
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