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Linkage and acceptor effects on diverse memory
behavior of triphenylamine-based aromatic polymers†

Chih-Jung Chen, Yi-Cheng Hu and Guey-Sheng Liou*

A new functional triphenylamine-based (TPA-based) aromatic polyether (OXPE) derived from 2,5-bis(4-

fluorophenyl)-1,3,4-oxadiazole and 4,40-dihydroxytriphenylamine and polyester (6FPET) derived from

4,40-(hexafluoroisopropylidene)bis(benzoyl chloride) and 4,40-dihydroxytriphenylamine were synthesized

and used for memory device applications. To get more insight into the relationship between the linkage

group and memory behavior, polyamide 6FPA, polyimide 6FPI, and the corresponding isomer 6FPI0 were

also synthesized and their memory properties were investigated. The linkage effects of polyether,

polyester, polyamide, and polyimide are expected to reveal different retention times of the synthesized

polymer memory devices due to their different structural conformations, dipole moments, HOMO, and

LUMO energy levels. OXPE, 6FPA, and 6FPET with a non-planar linkage structure but different LUMO

energy levels possess SRAM behavior with different retention times, 2 min, 5 min, and 6 min,

respectively. 6FPI with a planar linkage group exhibits DRAM property while the corresponding isomer

6FPI0 reveals insulator behavior due to the difficulty in sustaining the charge transfer complex.

Furthermore, to illustrate the linkage and acceptor effect systematically, TPA-based sulfonyl-containing

polymers with the same linkages were also added into the discussion.
Introduction

Due to the exponential growth of information and communi-
cation and the miniaturization of electronic devices, polymeric
memory materials have attracted increasing attention over the
years since the rst one published by Sliva et al. in 1970.1

Comparing with conventional inorganic memory materials,
polymeric materials have numerous advantages such as ease of
miniaturization, tailored properties through molecular design,
low-cost, solution processability, exibility, and three-dimen-
sional stacking capability for practical use.2 As a promising
alternative to inorganic semiconductor-based memory, poly-
meric memory materials store information in the form of high
(ON) and low (OFF) current states in place of the amount of
charges stored in a cell of silicon devices. In the starting stage of
polymer memory applications, polymers were used as poly-
electrolytes or matrices in a doped system.3 To advance the
function of polymers for memory devices further, the design
and synthesis of the polymers with specic structures that can
ry, Institute of Polymer Science and

Roosevelt Road, 4th Sec., Taipei 10617,

(ESI) available: Figure: IR spectra, TGA
lyether OXPE and polyester 6FPET.
of 6FPI and 6FPI0, and simulation
polymers. Table: molecular weights

/c3py00500c

4171
provide expected memory properties within a single polymer
chain is an important and crucial issue.

For resistive type memory materials, electron donor–
acceptor polymers are considered as suitable materials because
charge transfer (CT) between the donor and acceptor moieties
can give rise to a highly conductive state.4 Donor–acceptor type
polymers including conjugated polymers,5 non-conjugated
pendent polymers,6 polymer composites,7 and functional poly-
imides8 have been reported widely with all kinds of chemical
structures. Among all the studied donor–acceptor systems,
aromatic polyimides are promising candidates for memory
device applications due to the excellent thermal dimensional
stability, chemical resistance, mechanical strength, and high
ON/OFF current ratio resulting from the low conductivity in the
OFF state. Although aromatic polyimides have superior prop-
erties, they are generally restricted by limited solubility in most
organic solvents and their high glass transition (Tg) or melting
temperatures caused by the high crystallinity and high stiffness
of the polymer backbones, and charge transfer complex
formation. To overcome the solubility problem of polyimides,
the non-coplanar triphenylamine (TPA) group was introduced
into polyimides and enhanced the solution processability.
Furthermore, TPA could act as a donor and facilitate the CT
behavior of polyimide, therefore, a series of TPA-based poly-
imides with different substituted groups and dianhydrides were
prepared for memory devices.4a,9

In addition to polyimides, TPA-based aromatic polyamides
and polyesters were also characterized as highly thermally
This journal is ª The Royal Society of Chemistry 2013
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stable polymers with a favorable balance of physical and
chemical properties.10 In our previous study, TPA-based poly-
amide and polyester revealed different volatile memory char-
acteristics from polyimide due to the difference of linkage,
dipole moment, HOMO, and LUMO energy levels among these
polymers.11 In addition to the conformational changes of the
exible linkage between the donor and acceptor moieties of the
aromatic polyamide and polyester, the increment of torsional
displacement induced by charge transfer would produce a
potential energy barrier for the back charge transfer that
resulted in the longer retention time.12 It is interesting to get
more insight into the relationship between memory behaviors
and linkage groups of these functional polymers.

Furthermore, TPA-containing aromatic polyethers could also
be obtained as high performance polymers with excellent
processability, electroactive and electrochromic properties.13

However, in our previous study, TPA-based sulfonyl-containing
polyether DSPE exhibited only insulator behavior due to the
large band gap and weak CT capability.11b According to previous
literature, memory devices with thinner thickness are advan-
tageous to reduce switch-on voltage and reveal memory behav-
ior.9b,9c,11a In this study, we therefore synthesized oxadiazole-
containing polyether OXPE derived from 2,5-bis(4-uo-
rophenyl)-1,3,4-oxadiazole and 4,40-dihydroxytriphenylamine
with a stronger acceptor moiety than DSPE, and also reduced
lm thickness of the resulting polyethers to achieve thememory
characteristics for the rst time. TPA-containing polyimides
could be synthesized either from TPA-based diamine or TPA-
based dianhydride to have different directions of polyimide
linkages. We also predicted that the direction of polyimide
Fig. 1 Synthesis methods of OXPE, 6FPET, 6FPA, 6FPI, and 6FPI0 .

This journal is ª The Royal Society of Chemistry 2013
linkages could affect the CT behavior and the resulting memory
property. Therefore, the corresponding isomer 6FPI0 of 6FPI was
synthesized in this present work to demonstrate the isomeric
effect on the memory property. In order to illustrate the linkage
and acceptor effect systematically, polyamide 6FPA and the new
functional polyester 6FPET derived from 4,40-(hexa-
uoroisopropylidene)bis(benzoyl chloride) and 4,40-dihydroxy-
triphenylamine were prepared for detailed discussion and
compared with the corresponding sulfonyl-containing
polymers.
Results and discussion
Polymer synthesis and characterization

The TPA-based new polyether OXPE was prepared by the reac-
tion of diol monomer 1 with OXDF in NMP at 150 �C with
toluene to remove water during the formation of phenoxide
anions, followed by 170 �C, 180 �C, and 190 �C reaction
temperature segments as shown in Fig. 1. The formation of
polyether OXPE was conrmed by IR spectroscopy showing
characteristic absorption bands at around 1500–1600 (C]N),
and 1232 cm�1 (C–O–C) (Fig. S1a†). Anal. calcd (%) for OXPE C,
77.56; H, 4.27; N, 8.48 and found C, 75.11; H, 3.82; N, 8.27. The
TPA-based new polyester 6FPET was synthesized by the reaction
of diol monomer 1 (ref. 14a) with 6FAC in o-dichlorobenzene at
180 �C as shown in Fig. 1. The formation of polyester 6FPET was
also conrmed by IR spectroscopy showing a characteristic
ester carbonyl absorption band at around 1737 cm�1 (C]O)
(Fig. S1b†). Anal. calcd (%) for 6FPET C, 66.35; H, 3.34; N, 2.21
and found C, 64.56; H, 2.93; N, 2.15. Synthesis and
Polym. Chem., 2013, 4, 4162–4171 | 4163
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Fig. 2 UV-visible absorption spectra of OXPE, 6FPET, 6FPA, 6FPI, and 6FPI0 .
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characterization of 6FPA, 6FPI, and 6FPI0 have been described
previously.14c,15 The inherent viscosity and GPC analysis data of
the TPA-based aromatic polymers are summarized in Table S1.†
The obtained polymers have inherent viscosities in the range of
0.27–0.75 dL g�1 with weight-average molecular weights (Mw)
and polydispersity (PDI) of 62 000–166 000 Da and 1.78–2.58,
respectively, relative to polystyrene standard. The solubility
behavior of OXPE and 6FPET was investigated qualitatively and
the results are listed in Table S2.† OXPE and 6FPET exhibited
excellent solubility not only in polar aprotic organic solvents
such as NMP and DMAc, but also in less polar solvents such as
CHCl3 and THF. The excellent solubility can be attributed to the
existence of the bulky TPA unit which limits the intermolecular
interactions. The excellent solubility is conducive to fabricate
the memory device by a solution process.

Thermal properties

The thermal properties of new functional polymers OXPE and
6FPET were investigated by TGA and DSC, and the results are
summarized in Table 1. Typical TGA and DSC curves of OXPE
and 6FPET are depicted in Fig. S2.† Both OXPE and 6FPET
exhibited good thermal stability with insignicant weight loss
up to 350 �C under a nitrogen or air atmosphere. The 10%
weight-loss temperatures of OXPE and 6FPET were recorded to
be 500 �C, 480 �C in nitrogen, and 500 �C, 465 �C in air,
respectively. The amount of carbonized residue (char yield) of
OXPE and 6FPET in the nitrogen atmosphere was 49% and 50%
at 800 �C, which could be ascribed to their high aromatic
content. The Limiting Oxygen Index (LOI) of OXPE and 6FPET
calculated by the char yield was 37 and 38, respectively. The
glass transition temperatures (Tg) of OXPE and 6FPET were
206 �C and 193 �C, respectively. The excellent thermal proper-
ties were advantageous to the memory device which may release
heat during operation.

Optical and electrochemical properties

UV-vis absorption spectra of OXPE, 6FPET, 6FPA, 6FPI, and
6FPI0 are shown in Fig. 2 and the onset wavelengths of optical
absorption were utilized to obtain the optical energy band gap
(Eg) of these polymers. The electrochemical behavior of these
Table 1 Thermal properties

Polymera Tg
b (�C)

Td
5c (�C) Td

10c (�C)

Rw800
d (%) LOIeN2 Air N2 Air

OXPE 206 460 460 500 500 49 37
6FPET 193 450 420 480 465 50 38

a The polymer lm samples were heated at 300 �C for 1 h prior to all the
thermal analyses. b Midpoint temperature of baseline shi on the
second DSC heating trace (rate: 20 �C min�1) of the sample aer
quenching from 400 �C to 50 �C (rate: 200 �C min�1) in nitrogen.
c Temperature at which 5% and 10% weight loss occurred,
respectively, recorded by TGA at a heating rate of 20 �C min�1 and a
gas ow rate of 20 cm3 min�1. d Residual weight percentages at 800
�C under nitrogen ow. e LOI: limiting oxygen index ¼ (17.5 + 0.4 �
char yield).

4164 | Polym. Chem., 2013, 4, 4162–4171
polymers was investigated by cyclic voltammetry conducted by
lm cast on an ITO-coated glass substrate as the working elec-
trode in dry acetonitrile (CH3CN) containing 0.1 M of TBAP as
an electrolyte under nitrogen atmosphere. The typical cyclic
voltammograms for these polymers are depicted in Fig. 3. There
is one oxidation redox couple for all polymers, and the onset
oxidation of these ve polymers exhibited at 0.69, 1.00, 0.71,
1.01, and 1.27 V, respectively. The optical and electrochemical
properties of these ve polymers are summarized in Table 2
along with TPA-based sulfonyl-containing polymers, and the
optical energy band gaps (Eg) estimated from the onset optical
absorption are 3.27, 3.06, 2.91, 2.58, and 2.53 eV, respectively.
6FPI and 6FPI0 have similar low energy gaps due to the strong
charge-transfer effect between the TPA moiety and the phthalic
imide ring. The LUMO energy levels of these ve polymers
decrease in the order of OXPE, 6FPA, 6FPET, 6FPI, and 6FPI0.
Reduction cyclic voltammograms were utilized to calculate the
electrochemical LUMO energy levels of 6FPI and 6FPI0 as shown
in Fig. S3,† and the results are also summarized in Table 2. The
HOMO energy levels of OXPE, 6FPET, 6FPA, 6FPI, and 6FPI0

estimated from the onset of their oxidation in CV experiments
were 5.13, 5.44, 5.15, 5.45, and 5.63 eV, respectively (on the basis
of ferrocene/ferrocenium 4.8 eV below the vacuum level with
Eonset ¼ 0.36 V). Comparing the acceptor effect systematically,
the corresponding sulfonyl-containing polymers generally have
lower LUMO energy levels than hexauoroisopropylidene-con-
taining (6F) series polymers with the same linkage. Besides,
Fig. 3 Cyclic voltammetric diagrams ofOXPE, 6FPET, 6FPA, 6FPI, and 6FPI0 films
on an ITO-coated glass substrate over cyclic scans.

This journal is ª The Royal Society of Chemistry 2013
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Table 2 Redox potentials and energy levels of polymers

Polymer

Thin
lm (nm)

Oxidation
potentiala (V)

Eg
b

(eV)
HOMOc

(eV)
LUMOoptd

(eV)lonset Eonset

OXPE 379 0.69 3.27 5.13 1.86
6FPET 405 1.00 3.06 5.44 2.38
6FPA 426 0.71 2.91 5.15 2.24
6FPI 480 1.01 2.58 5.45 2.87 (3.50)e

6FPI0 490 1.27 2.53 5.71 3.18 (3.46)e

DSPE 361 0.68 3.43 5.12 1.69
DSPET 458 1.01 2.71 5.45 2.74
DSPA 496 0.74 2.50 5.18 2.68
DSPI 567 1.02 2.19 5.46 3.27

a From cyclic votammograms versus Ag/AgCl in CH3CN.
b The data were

calculated from polymer lms by the equation: Eg ¼ 1240/lonset (energy
gap between HOMO and LUMO). c The HOMO energy levels were
calculated from cyclic voltammetry and were referenced to ferrocene
(4.8 eV; Eonset ¼ 0.36 V). d LUMOopt (LUMO energy levels calculated
from the optical method): difference between HOMOEC and Eoptg . e The
LUMO energy levels were calculated from cyclic voltammetry and were
referenced to ferrocene (4.8 eV; E1/2 ¼ 0.52 V in DMF).
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OXPE has lower LUMO energy levels than DSPE due to the
stronger acceptor oxadiazole moiety.

Memory device characteristics

The memory behaviors of these TPA-based aromatic polymers
were depicted by the current–voltage (I–V) characteristics of an
ITO/polymer/Al sandwich device as shown in Fig. 4. Within the
Fig. 4 Current–voltage (I–V) characteristics of the ITO/polymer (50 � 3 nm)/Al me

This journal is ª The Royal Society of Chemistry 2013
sandwich device, the polymer lm was used as an active layer
between Al and ITO as the top and bottom electrodes. To
exclude the effect of the polymer lm thickness on memory
properties, a standard thickness (50 nm) was used without
specic mention. Fig. 4a reveals I–V characteristics of 6FPET.
The device based on 6FPET could not be switched to the ON
state and stayed in the OFF state with a current range 10�13 to
10�14 A in the positive sweep up to 6 V (not shown). However, a
sharp increase in the current could be observed at�3.6 V during
the negative sweep, indicating that the device undergoes an
electrical transition from the OFF state to the ON state (writing
process). The device also remained in the ON state during the
subsequent negative (the second sweep) and positive scans (the
third sweep). Thus, this 6FPET memory device could not be
reset to the initial OFF state by the introduction of a reverse scan
and is thus non-erasable. The fourth sweep was conducted aer
turning off the power for about 6 minutes and it was found that
the ON state had relaxed to the steady OFF state without an
erasing process. During the fourth sweep, the device could be
switched to the ON state again at the threshold voltage of �3.3
V. Thus, the device could open to the ON state again and was
rewritable. The 6 minutes retention time of 6FPET memory
device is indicative of volatile SRAM behavior.12a Fig. 4b reveals
I–V characteristics of 6FPA which have similar SRAM memory
properties with different retention times of 5 minutes.

The memory device of 6FPI switched from 10�13 to 10�14 to
10�5 A at the threshold voltage of �3.5 V in the negative sweep
and the ON state could be read by the subsequent negative (the
second sweep) and positive scans (the third sweep) as shown in
mory device. (a) 6FPET, (b) 6FPA, (c) 6FPI and (d) 6FPI0 .

Polym. Chem., 2013, 4, 4162–4171 | 4165
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Fig. 5 Current–voltage (I–V) characteristics of the ITO/OXPE/Al memory device with different OXPE film thickness around (a) 50 nm, (b) 40 nm and (c) 30 nm.
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Fig. 4c. The ON state would return to the OFF state in 1min aer
removing the applied voltage and then subsequently switch to
the ON state again at the threshold voltage of �3.4 V, implying
similar volatile DRAM behavior to that published before.4a

However, the corresponding 6FPI0 is maintained at the low-
conductivity (OFF) state during the positive and negative scan as
shown in Fig. 4d. Thus, 6FPI0 showed no memory but insulator
behavior. Fig. 5 and 6 depict the I–V results of OXPE and DSPE
with different thickness, respectively. OXPE exhibited insulator,
SRAM, and SRAM properties with the corresponding thickness
around 50, 40, and 30 nm, respectively. Meanwhile, DSPE only
exhibited DRAM behavior with lm thickness around 30 nm.
Thus, these TPA-based aromatic polymers exhibited not only
diverse memory properties but also high ON/OFF current ratios
of 108 to 109. The high ON/OFF current ratio is advantageous to
reduce misreading probability between the ON state and the
OFF state.
Theoretical analysis and switching mechanism

In order to get more insight into the different memory behavior
of the present TPA-based aromatic polymer devices, molecular
simulation on the basic unit was carried out by DFT/B3LYP/
6-31G(d) with the Gaussian 09 program. The charge density
isosurfaces of the basic unit and the most energetically favor-
able geometry of OXPE, 6FPET, 6FPA, 6FPI, and 6FPI0 are
summarized in Fig. 7, and the simulation results of TPA-based
sulfonyl-containing polymers are listed in Fig. S4.† The LUMO
energy levels calculated by molecular simulation were in
4166 | Polym. Chem., 2013, 4, 4162–4171
agreement with the experimental value tendency and could be
utilized as evidence to indicate the electron-withdrawing
intensity of various acceptors and donor–acceptor interaction
capability via different linkage groups. For these TPA-based
polymer systems, the HOMO energy levels were located mainly
at the electron-donating TPA moieties, while the LUMO energy
levels were generally located at the corresponding electron-
withdrawing units. In the case of 6FPI and DSPI, the distribu-
tion LUMO energy levels were within the dianhydride and imide
ring moiety due to their strong electron-withdrawing capability.
Compared to 6FPI and DSPI, the distribution LUMO energy
level of 6FPI0 was also located at the imide ring moiety.
However, due to the direction of polyimide linkages between
6FPI0 and other polyimides is different, the HOMO and LUMO
energy levels of 6FPI0 almost overlap and result in the poor
sustaining ability for the CT complex. The LUMO energy levels
of the polyesters and polyamides were found at the ester and
amide linkage groups. However, the poorest charge separation
phenomena of polyether OXPE and DSPE could be predicted
and observed in the analysis of molecular simulation, indi-
cating the weakest electron-withdrawing capability resulted
from the isolated ether linkage group. Compared to other
polymers, LUMO2 of OXPE and DSPE was distributed with
overlapping around the whole basic unit that could also be
indicated as evidence for the poor sustaining ability of the CT
complex.

According to previous literature,4a when the applied electric
elds reach the switching-on voltage, some electrons at the
HOMO accumulate energy and transit to the LUMO5 (LUMO4
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Current–voltage (I–V) characteristics of the ITO/DSPE/Al memory device with different OXPE film thickness around (a) 50 nm, (b) 40 nm and (c) 30 nm.

Fig. 7 Calculated molecular orbitals and the corresponding energy levels of the basic units (BU) for OXPE, 6FPET, 6FPA, 6FPI, and 6FPI0 .
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for 6FPET) with the highest probability because of overlapping
of the HOMO and LUMO5 resulting in an excited state. In
addition, electrons at the HOMO can also be excited to other
intermediate LUMOs with lower energy barrier belonging to the
acceptor units. Thus, CT occurs through several courses to form
the conductive CT complexes, including indirectly from the
This journal is ª The Royal Society of Chemistry 2013
LUMO5 through intermediate LUMOs and then to the LUMO, or
from the intermediate LUMOs to the LUMO, and directly from
the HOMO to the LUMO. Based on this proposed mechanism,
when the negative sweep was conducted, the hole injected from
the bottom electrode ITO to the HOMO of the polymer due to
the lower band gap between ITO (�4.8 eV) and HOMO.16 In
Polym. Chem., 2013, 4, 4162–4171 | 4167
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Fig. 8 Memory properties of TPA-based aromatic polymers. A standard thick-
ness (50 nm) of polymer film was used without specific mention.
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contrast, during the positive sweep, the hole is difficult to be
injected from the top electrode Al into the HOMO of these
polymers because of the larger energy gap between the work
function of Al (�4.2 eV) and HOMO of the polymers, thus the
memory device could not be switched to the ON state.

Furthermore, the stability of the CT complex is important
and is related to the retention time of the memory device.
Therefore, OXPE and DSPE showed only insulator behavior with
50 nm thickness due to the large band gap and weak CT capa-
bility. Compared to DSPE, OXPE with a stronger acceptor
oxdiazole moiety revealed a longer retention time (SRAM) than
DSPE (DRAM) in the case of decreasing thickness to 30 nm. In
addition, 6FPA exhibited a longer retention time than 6FPI
contributing to the conformation effect and higher dipole
moment. The conformation of the phenyl ring with amide
linkage is not a planar structure which may block the back CT
occurring, and the higher dipole moment of 6FPA also facili-
tates to stabilize the CT complex. 6FPET having a similar non-
planar structure to 6FPA but lower LUMO than 6FPA leads to
even longer retention time than 6FPA. As described before, the
HOMO and LUMO charge density isosurfaces of 6FPI0 almost
overlap and result in the poor sustaining ability for the CT
complex. Therefore, although the chemical structure of 6FPI0

was similar to 6FPI, 6FPI0 only has insulator behavior. The
memory properties of TPA-based aromatic polymers are
summarized in Fig. 8. Generally, polymers with exible link-
ages, lower LUMO energy levels, and higher dipole moments
will facilitate the stability of the CT complex, and the retention
time of polymer memory devices is very dependent on the
stability of the CT complex. Therefore, the sulfonyl-containing
polymers generally show a longer retention time than 6F series
polymers with the same linkages due to the stronger acceptor
effect. For example, DSPI possesses SRAM property while 6FPI
has DRAM property. DSPET and DSPA have a longer retention
time than 6FPET and 6FPA, respectively.
Conclusion

In summary, a new functional TPA-based aromatic polyether
OXPE and polyester 6FPET were successfully synthesized for the
rst time for memory device applications. For comparison,
6FPA, 6FPI, and 6FPI0 were also prepared for systematically
investigating the relationship between the chemical structure
and memory behavior. To get more insight into the acceptor
4168 | Polym. Chem., 2013, 4, 4162–4171
effect on memory behavior, sulfonyl-containing polymers were
also added into the discussion. OXPE exhibited the 2 minutes
retention time SRAM property with thickness 30 and 40 nm,
while DSPE exhibited only DRAM behavior when the lm
thickness was reduced to 30 nm. 6FPET and 6FPA showed SRAM
properties with different retention times of 6 min, and 5 min,
respectively. 6FPI with a planar linkage group exhibited DRAM
behavior while the corresponding isomer 6FPI0 showed insu-
lator characteristic due to the difficulty in sustaining the charge
transfer complex. Furthermore, sulfonyl-containing polymers
generally have a longer retention time than 6F series polymers
with the same linkage due to the stronger acceptor effect.
Experimental
Materials

4,40-Dihydroxytriphenylamine (1),14a 4,40-diaminotriphenyl-
amine (2),14b N,N-bis(3,4-dicarboxyphenyl)aniline dianhydride
(3),14c 2,5-bis(4-uorophenyl)-1,3,4-oxadiazole (OXDF),14d and
4,40-(hexauoroisopropylidene)bis(benzoyl chloride) (6FAC)14e

were synthesized according to previous literature. The electro-
active TPA-based aromatic polyamide 6FPA15a and polyimides
6FPI15b and 6FPI014c were also prepared according to previous
research. Acetonitrile (CH3CN) (ACROS), N,N-dimethylaceta-
mide (DMAc) (TEDIA), N-methyl-2-pyrrolidinone (NMP)
(TEDIA), o-dichlorobenzene (TEDIA) and m-cresol (Alfa Aesar)
were used without further purication. 2,2-Bis(3,4-dicarboxy-
phenyl)hexauoropropane dianhydride (6FDA) (Chriskev) was
puried by vacuum sublimation. Tetrabutylammonium
perchlorate (TBAP) (ACROS) was recrystallized twice by ethyl
acetate under nitrogen atmosphere and then dried in vacuo
prior to use. All other reagents were used as received from
commercial sources.
Preparation of polyether OXPE

A three necked 50 mL glass reactor was lled with diol mono-
mer 1 (0.14 g, 0.5 mmol), OXDF (0.13 g, 0.5 mmol), 1.5 mL NMP,
1 mL toluene, and an excess of potassium carbonate (0.15 g,
0.75 mmol). The reactionmixture was heated at 150 �C for 3 h to
remove water during the formation of phenoxide anions, and
then heated at 170 �C for 1 h, 180 �C for 3 h, and nally heated at
190 �C for 1 h. Aer the reaction, the obtained polymer solution
was poured slowly into 300 mL of acidied methanol–water
(v/v ¼ 1/1). The precipitate was collected by ltration, washed
thoroughly with hot water and methanol, and dried under
vacuum at 100 �C. The inherent viscosity and weight-average
molecular weight (Mw) of the obtained polyether OXPE were
0.29 dL g�1 (measured at a concentration of 0.5 g dL�1 in DMAc
at 30 �C) and 62 000, respectively. The FT-IR spectrum of the
OXPE lm exhibited characteristic C]N stretching
absorption bands at around 1500–1600, and 1232 cm�1 (C–O–C
stretching).
Preparation of polyester 6FPET

A mixture of 0.15 g (0.53 mmol) diol monomer 1 and 0.18 g
(0.53 mmol) 6FAC in 1.5 mL of o-dichlorobenzene was heated
This journal is ª The Royal Society of Chemistry 2013
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Scheme 1 Chemical structures of TPA-based aromatic polymers and the schematic diagram of the memory device consisting of a polymer thin film sandwiched
between an ITO bottom electrode and an Al top electrode.
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with stirring at 180 �C for 15 h under nitrogen. The solution
thus obtained was poured into 300mL of methanol. The yield of
the polymer was 0.29 g (98%), and the inherent viscosity was
0.27 dL g�1 in DMAc. The weight-average molecular weight (Mw)
of 6FPET was 76 000. The IR spectrum (lm) showed an
absorption at 1737 cm�1 (C]O).
Polymer properties measurements

Fourier transform infrared (FT-IR) spectra were recorded on a
PerkinElmer Spectrum 100 Model FT-IR spectrometer. The
inherent viscosities were determined at 0.5 g dL�1 concentra-
tion using a Tamson TV-2000 viscometer at 30 �C. Gel perme-
ation chromatographic (GPC) analysis was carried out on a
Waters chromatography unit interfaced with a Waters 2410
refractive index detector. Two Waters 5 mm Styragel HR-2 and
HR-4 columns (7.8 mm I. D. � 300 mm) were connected in
series with NMP as the eluent at a ow rate of 0.5 mL min�1 at
40 �C and were calibrated with polystyrene standards. Ther-
mogravimetric analysis (TGA) was conducted with TA SDT Q600.
Experiments were carried out on approximately 6–8 mg lm
samples heated in owing nitrogen or air (ow rate ¼ 20 cm3

min�1) at a heating rate of 20 �C min�1. Differential scanning
calorimetry (DSC) analyses were performed on a PerkinElmer
Pyris 1 DSC at a scan rate of 10 �Cmin�1 in owing nitrogen (20
cm3 min�1). Electrochemistry was performed with a CH
Instruments 611B electrochemical analyzer. Voltammograms
were presented with the positive potential pointing to the le
and with increasing anodic currents pointing downwards.
Cyclic voltammetry (CV) was conducted with a three-electrode
cell in which ITO (polymer lms with area about 0.5 cm � 1.1
cm) was used as a working electrode. A platinum wire was used
as an auxiliary electrode. All cell potentials were measured using
a homemade Ag/AgCl, KCl (sat.) reference electrode. UV-visible
absorption was recorded on a UV-visible spectrophotometer
(Hitachi U-4100).
This journal is ª The Royal Society of Chemistry 2013
Fabrication and measurement of the memory device

The memory device was fabricated with the conguration of
ITO/polymer/Al as shown in Scheme 1. The ITO glass used for
the memory device was cleaned by ultrasonication with water,
acetone, and isopropanol each for 15 min. DMAc solutions of
TPA-based aromatic polymers (15–25 mg mL�1) were rst
ltered through a PTFEmembrane syringe lter of 0.45 mmpore
size. Then, 250 mL of the ltered solution was spin-coated onto
the ITO glass at a rotation rate of 1000 rpm for 60 s and kept at
100 �C for 10 min under nitrogen. The thicknesses of thin lms
prepared by DMAc solutions with different polymer concentra-
tions were determined using an alpha-step prolometer. A 300
nm thick Al top electrode was thermally evaporated through the
shadow mask (recorded device units of 0.5� 0.5 mm2 in size) at
a pressure of 10�7 Torr with a uniform depositing rate of 3–6 Å
s�1. The electrical characterization of the memory device was
performed using a Keithley 4200-SCS semiconductor parameter
analyzer equipped with a Keithely 4205-PG2 arbitrary waveform
pulse generator. ITO was used as a common electrode and Al
was the electrode for applying voltage during the sweep.

Molecular simulation

Molecular simulations in this study were carried out with the
Gaussian 09 program package. Equilibrium ground state
geometry and electronic properties of basic unit of TPA-based
aromatic polymers were optimized by means of the density
functional theory (DFT) method at the B3LYP level of theory
(Beckes-style three-parameter density functional theory using
the Lee–Yang–Parr correlation functional) with the 6-31G(d)
basis set.
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