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Novel electron-donating triphenylamine (TPA)-containing electroactive functional polyimides with
electron-withdrawing pendant anthraquinone moiety were designed and prepared for memory devices,
electrochromic and gas separation applications. These high-performance polymers exhibited two
conductivity states and could be swept negatively with a high ON/OFF current ratio of 10°. The ON
state of OAQ-6FPI polyimide remained around 8 min after removing the applied voltage, while the
AQ-6FPI polyimide quickly returned to the OFF state during the backward sweep in a dual sweep
process, implying that devices based on OAQ-6FPI and AQ-6FPI reveal static random access memory
(SRAM) and dynamic random access memory (DRAM) behaviors resulting from the isolated donor—
acceptor (D-A) and non-isolated D-A structures, respectively. Meanwhile, the polymer films exhibited
electrochromic characteristics with a color change from neutral colorless or pale yellowish to blue and
green at applied potentials, ranging from 0.00 to 1.40 V. Furthermore, the presence of a bulky and
carbonyl-containing anthraquinone unit could enhance effectively CO, permeability coefficients
(PCO,) and permeability selectivity (PCO,/PCH,) for these polyimide membranes in the range of 21.6—
69.9 and 28.8-31.7, respectively, and permeability increased with higher efficiency by directly attaching
the bulky group to the backbone than incorporating via a spacer.

Introduction

Nowadays, the utilization of polymeric material in electronic
devices has attracted extensive attention, such as light-emitting
diodes,' transistors,> and solar cells.* Donor-acceptor (D-A)
containing polymers include both electron donor and acceptor
moieties within a repeating unit, which can be switched between
two conductive states via an electrical field and have been widely
researched recently for resistive switching memory applications.*
Based on the advantages of convenient and low-cost device
fabrication by using a solution process, three-dimensional
stacking capability and well structural flexibility,® electrically
bistable resistive switching device based on polymeric materials
have significant advantages over inorganic silicon- and metal-
oxide-based memory materials.®> Among the researched
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polymeric systems, charge transfer (CT) effect is one of the
interesting mechanisms to induce the RRAM (resistor-type
polymer memory) behavior by introducing the electron donor
and the electron acceptor moiety into the repeat unit of the
polymer. Under an applied electric field, the charge transfer will
occur which means transfer of the electronic charge from the
donor to the acceptor moiety, and the resulting structure can be
defined as CT complex (CTC).® The stability of the CTC is
regarded as one of the crucial factors for its memory behavior.
The importance of structural effects tuned by incorporating
different substituents into electron donating moieties on the
relaxation time of the polymeric memory was investigated by
Kang’s and Ree’s work; the devices fabricated by TPA-based
polyimide TPA-6FPI* exhibited volatile DRAM behavior, while
both phenylamine-substituted and hydroxy-substituted TPA-
containing polyimide (6F-2TPA PI)™ and (6F-HTPA PI)”
demonstrated a non-volatile write-once-read-many-times
(WORM) property. Besides, the characteristic of polymer
memory can move from DRAM to SRAM and even become
WORM or flash type non-volatile memory behavior by
increasing the dipole moment of the polymers.%® Moreover, the
linkage group effects between donor and acceptor moieties also
play a key factor in influencing the time interval from CT state to
the original state due to the conformational changes between the
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donor and acceptor moiety induced by charge transfer, that
could increase the torsional displacement and produce a poten-
tial energy barrier for the back charge transfer to the ground
state, thus extending the retention time of the ON state.¥-8¢°
For example, both OXTA-PI** and AZTA-PI*’ containing
pendent TPA donor exhibited WORM memory characteristic in
Al/polymer/ITO sandwich devices due to the orthogonal overlap
in orbitals between acceptor and pendent donor which could
create a higher energy barrier for back charge transfer, therefore
maintaining the device in the ON state after removing the applied
electrical field.

Aromatic polymers containing a TPA moiety such as poly-
imide (PI) and polyamide (PA)¥ are favorable functional mate-
rials not only for memory devices due to their intrinsic excellent
thermal dimensional and high ON/OFF ratio, but also electro-
chromic application' resulting from the electron-rich triaryl-
amines which can be easily oxidized to form stable radical
cations, and the oxidation process is always associated with a
noticeable change of coloration. Recently, multi-functional high
performance polyimides have been designed for various appli-
cations in each polymeric material, such as methyl-substituted
TPA-containing polyimides prepared for polymer memory, and
electrochromic and gas separation application have been repor-
ted.! Furthermore, triphenylethylene containing polyimide with
fluorescent and resistive switching characteristics has been
designed and synthesized.'? The philosophy for designing multi-
functional material can also be extended to other novel high
performance polymer systems.

In this study, in order to obtain solution-processable poly-
imides for polymeric memory, electrochromic and gas separation
applications, we synthesized two series of polyimides AQ-PlIs
and OAQ-PIs from diamines 2-(bis(4-aminophenyl)amino)
anthracene-9,10-dione (1), and 2-(4-(bis(4-aminophenyl)amino)
phenoxy)anthracene-9,10-dione (2), respectively. The general
properties such as solubility, crystallinity, and thermal properties
are described. The TPA-containing polyimides AQ-6FPI and
OAQ-6FPI were used to fabricate the memory devices. In
addition to the phthalimide acceptor moiety in the main chain,
the pendant anthraquinone as a stronger acceptor group was also
introduced to TPA via an ether linkage or directly attached into
the backbone, which is different from the previous research
discussing the memory behavior only having a single donor—
acceptor effect from the main chain of the polyimide system. The
effect of dual acceptor moieties both in the main chain and side
chain on memory behavior was investigated in this work, and the
electron withdrawing capability of these two acceptors could be
verified by electrochemical and spectroelectrochemical behavior.
The memory devices were prepared with configurating the
ITO/polymer/Al, and the memory properties were investigated
by I-V measurements. The electrochemical, electrochromic, and
gas separation properties of these polymers are also described
herein and are compared with each other.

Experimental
Materials

2-(Bis(4-aminophenyl)amino)anthracene-9,10-dione (1) and
2-(4-(bis(4-aminophenyl)amino)phenoxy)anthracene-9,10-dione

(2) were synthesized according to the literature.'® Acetonitrile
(CH;CN),  N,N-dimethylformamide (DMF) (ACROS),
dimethyl sulfoxide (DMSO), N,N-dimethylacetamide (DMAc)
(TEDIA), and tetrahydrofuran (THF) were used without further
purification.  2,2-Bis(3,4-dicarboxyphenyl)hexafluoropropane
dianhydride (6FDA) (Chriskev), 3,3',4,4'-diphenylsulfonete-
tracarboxylic dianhydride (DSDA) (TCI) was purified by
vacuum sublimation. Tetrabutylammonium perchlorate (TBAP)
(ACROS) was recrystallized twice using ethyl acetate under
nitrogen atmosphere and then dried in vacuo prior to use. All
other reagents were used as received from commercial sources.

Polymer synthesis

Aromatic polyimides AQ-PIs and OAQ-PIs could be prepared
by the one-step polycondensation of diamines 1 and 2 with
2-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride and
3,3',4,4'-diphenylsulfonetetracarboxylic ~dianhydride, respec-
tively, in m-cresol in the presence of isoquinoline (Scheme 1), all
polymerization reactions proceeded homogenously and with
high viscosity. The synthesis of polyimide AQ-6FPI was used as
an example to illustrate the general synthetic route used to
produce the polyimides. The homogeneous mixture of diamine 1
(0.4055 g, 1.00 mmol), dianhydride 6FDA (0.4442 g, 1.00 mmol),
and 0.32 mL isoquinoline in m-cresol (3 mL) was stirred at room
temperature under nitrogen atmosphere for 10 h, and then
heated to 185 °C for 18 h. The resulting mixture was allowed to
cool to room temperature, and the viscous solution was poured
slowly into 200 mL of methanol with stirring. The precipitated
polymer was collected using filtration, washed thoroughly with
hot methanol and dried under vacuum at 100 °C for 15 h. The
inherent viscosity of the obtained polyimide AQ-6FPI was 0.49
dL g~! (measured at a concentration of 0.5 g dL~! in DMAc at
30 °C). The formation of the polyimide was confirmed by IR
spectroscopy (as shown in Fig. S1 in the ESIt). The IR spectra of
AQ-6FPI exhibited characteristic imide absorption bands at
around 1781 (asymmetrical C=0), 1720 (symmetrical C=0),
1380 (C—N), and 738 cm™! (imide ring deformation) anal. calcd
for (C47H27F¢N30g),, (843.72),: C, 66.91%; H, 3.23%; N, 4.98%.
Found: C, 68.47%; H, 3.35%; N, 5.26%.

Measurements

Elemental analysis was run in a Heraeus VarioEL-III CHNS
elemental analyzer. The inherent viscosities were determined at
0.5 g dL™! concentration using Tamson TV-2000 viscometer at
30 °C. Thermogravimetric analysis (TGA) was conducted with a
PerkinElmer Pyris 1 TGA. Experiments were carried out on
approximately 6-8 mg film samples heated in flowing nitrogen or
air (flow rate = 20 cm® min~") at a heating rate of 20 °C min~".
DSC analyses were performed on a PerkinElmer Pyris | DSC at a
scan rate of 10 °C min~' in flowing nitrogen (20 cm® min~"). The
gas permeability of the polymer membranes with thickness
around 50-90 um was measured with a model GTR-10 gas
permeability analyzer (Yanagimoto, Kyoto, Japan), which
consists of upstream and downstream parts separated by a
membrane. The gases measured include O,, N,, CO,, and CHy.
The pressure on one face of the free-standing film (or called
membrane) was kept at 294 kPa, and the other face was at zero
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Scheme 1 Polymer synthesis of AQ-PIs and OAQ-PIs.

pressure initially to allow the gas to permeate through the free-
standing film. The rate of gas transmission was obtained using
gas chromatography, from which gas permeability was
calculated.

Measurements of cyclic voltammetry and
spectroelectrochemistry

Cyclic voltammetry (CV) was performed with a Bioanalytical
System Model CV-27 and conducted with the use of a three-
electrode cell in which ITO (polymer films area about 0.5 cm x
1.2 cm) was used as a working electrode and a platinum wire as
an auxiliary electrode at a scan rate of 50 mV s~' against a
Ag/AgCl reference electrode in anhydrous DMF and CH;CN,
using 0.1 M of TBAP as a supporting electrolyte in nitrogen
atmosphere. All cell potentials were taken using a homemade
Ag/AgCl, KCI (sat.) reference electrode. Spectroelectrochemical
experiments were carried out in a cell built from a 1 cm
commercial UV-visible cuvette using Hewlett-Packard 8453 UV-
visible diode array spectrophotometer. The ITO-coated glass
slide was used as the working electrode, a platinum wire as the
counter electrode, and Ag/AgCl cell as the reference electrode.

Fabrication and measurement of the memory device

The memory device was fabricated with the configuration of
ITO/polymer/Al as shown in Fig. 1. The ITO glass used for the
memory device was cleaned by ultrasonication with water,
acetone, and isopropanol each for 15 min. A 250 pL DMAc¢
solution of AQ-6FPI or OAQ-6FPI (23-25 mg mL™") was first
filtered through 0.45 um pore size of PTFE membrane syringe
filter, then the filtered solution was spin-coated onto the ITO
glass at a rotation rate of 1000 rpm for 60 s and heated at 100 °C
for 10 min under nitrogen. The film thickness was determined to
be around 50 nm. Finally, a 300 nm-thick Al top electrode was
thermally evaporated through the shadow mask (recorded device
units of 0.5 x 0.5 mm? in size) at a pressure of 10~7 Torr with a

depositing rate of 3-5 A s7'. The electrical characterization of
the memory device was performed by a Keithley 4200-SCS
semiconductor parameter analyzer equipped with a Keithely
4205-PG?2 arbitrary waveform pulse generator. ITO was used as
the cathode (maintained as common), and Al was set as the
anode during the voltage sweep. The probe tip of a tinned copper
shaft with a point radius <0.1 pm was attached to 10 pm diam-
eter tungsten wire (GGB Industries, Inc.).

Molecular simulation

The Gaussian 09 program package is used for theoretical
calculation in this research, and the basic units of AQ-6FPI and
OAQ-6FPI were optimized by means of the density functional
theory (DFT) method at the B3LYP level of theory (Beckesstyle
three-parameter density functional theory using the Lee—Yang—
Parr correlation functional) with the 6-31 G(d) basic set.

Q FC CF, O

‘sepos

o)
00

o] OAQ-6FPI
Fig.1 Molecular structure of AQ-6FPI and OAQ-6FPI and a schematic
diagram of the memory device consisting of a polymer thin film sand-
wiched between an ITO bottom electrode and an Al top electrode. The

thickness of the polymer film is about 50 nm and the thickness of the
electrode is 300 nm.
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Results and discussion
Polymer synthesis

Polymers AQ-6FPI, AQ-DSPI, OAQ-6FPI, and OAQ-DSPI
were synthesized from diamine 1 and 2 via one-step high
temperature polycondensation, and all obtained polyimides with
high enough molecular weight to afford flexible films. The
inherent viscosities, weight-average molecular weights (M), and
polydispersity (PDI) of these resulting polyimides are summa-
rized in Table 1.

Basic characterization and thermal properties

The solubility behavior of these polymers was investigated
qualitatively, and the results are listed in Table 2. These poly-
imides exhibited higher solubility in polar aprotic organic
solvents such as NMP and DMAc due to the introduction of the
bulky pendant groups. Polyimides AQ-6FPI and OAQ-6FPI
could even be dissolved in less polar solvents such as THF and
CHCI;; their excellent solubility can be attributed to the existence
of the additional bulky hexafluoroisopropylidene units which
reduce the intermolecular interaction and suppress the CTC
formation. The thermal properties of these polyimides are
summarized in Table 3. Typical TGA curves of AQ-PIs and
OAQ-PIs are depicted in Fig. S2.1 All of the polyimides showed
outstanding thermal stability; the 10% weight-loss temperatures
of the polyimides in nitrogen and air were recorded in the range
of 520-630 °C and 540-610 °C, respectively. The amount of
carbonized residue (char yield) of these polymers in nitrogen
atmosphere was more than 60% at 800 °C; the high char yields of
these polymers can be ascribed to their high aromatic content.
The glass-transition temperatures (7,) measured by the DSC
thermograms were observed in the range of 275-300 °C
depending upon the stiffness and rigidity of the polyimide chain.

Electrochemical properties

The electrochemical behavior of the polyimides AQ-PIs and
OAQ-PIs was investigated using cyclic voltammetry (CV) con-
ducted for the cast film on an indium-tin oxide (ITO)-coated
glass slide as working electrode in anhydrous acetonitrile and
DMF, using 0.1 M of TBAP as a supporting electrolyte under
nitrogen atmosphere, and the results are summarized in Table 4.
The typical reduction cyclic voltammograms of polyimides
AQ-6FPI and OAQ-6FPI are depicted in Fig. 2(a) and (b),
respectively, meanwhile the results of the corresponding DSPIs

Table 1 Inherent viscosity and molecular weights of polyamides

Code Minn” (AL g7") M) M, PDI*
AQ-DSPI 0.56 159 000 70 000 2.3
AQ-6FPI 0.49 169 000 70 500 2.4
OAQ-DSPI 0.57 169 000 81 000 2.1
OAQ-6FPI 0.59 180 000 75 000 2.4

@ Measured at a polymer concentration of 0.5 g dL ™! in DMAc at 30 °C.
b Calibrated with polystyrene standards, using NMP as the eluent at a
constant flow rate of 1 mL min~' at 40 °C. ¢ Polydispersity index
(M M,).

Table 2 Solubility behavior of polyimides

Solvent”
Code NMP DMAc DMF DMSO m-Cresol THF CHCIl;
AQ-DSPI  ++ ++ + — ++ _ _
AQ-6FPI ++ ++ + - ++ ++ ++
OAQ-DSPI ++ ++ + - ++ - —
OAQ-6FPI ++ ++ + - ++ ++ 4+

“ Qualitative solubility was tested with 5 mg of a sample in 1 mL of stirred
solvent. ++, soluble at room temperature; +, soluble on heating; +,
partially soluble; —, insoluble even on heating.

are shown in Fig. S31 for comparison. The first half-wave
potentials (E}/,) of the reduction process were —0.79 and —0.8 V
for OAQ-6FPI and AQ-6FPI, respectively, which could be
attributed to the reduction of anthraquinone unit;* and the
second half-wave potentials (E},,) of the reduction process were
—1.17 and —1.28 V derived from the phthalimide moieties,
respectively. Furthermore, the third reduction half-wave poten-
tial (Ey/,) was —1.49 V for OAQ-6FPI, attributing to the second
reduction of anthraquinone unit.

Memory device characteristics of the OAQ-6FPI and AQ-6FPI

Fig. 3(a) exhibits the current-voltage result of AQ-6FPI; the
device was switched to ON state at a threshold voltage
about —3.5 V (line 1) and subsequently reset to OFF state just
after removing the applied electrical field without any erasing
process, and the device could be turned on again at about —3.4 V
during the second negative sweep (line 2), indicating DRAM
property for this AQ-6FPI memory device. Besides, the device
remained at low-conductivity (OFF) state when it was conducted
by positive bias. Furthermore, the behavior of dual sweep
current-voltage of AQ-6FPI is depicted in Fig. 4(a); the device
could be set to ON state at a threshold voltage of about —3.5 V
and reset to OFF state at around —1.9 V during the backward
sweep of the dual sweep process, implying the instability of the
CT state of AQ-6FPI. Fig. 3(b) depicts the current—voltage result
of OAQ-6FPI, the current increasing from 107 B t0107“to 107
to 107> (high-conductivity state) instantaneously at the threshold

Table 3 Thermal properties of polyimides

Ty at 5% Ty at 10%
wei%ht weight
loss” (°C)  loss” (°C)
Polymer T,(°C) N, Air N, Air Char yield® (wt%)
AQ-DSPI 305 490 495 530 560 62
AQ-6FPI 330 600 585 630 610 60
OAQ-DSPI 275 520 515 560 570 62
OAQ-6FPI 275 580 540 620 590 65

“ Midpoint temperature of the baseline shift on the second DSC heating
trace (rate = 20 °C min~") of the sample after quenching from 400 to 50
°C (rate = 200 °C min~) in nitrogen. * Decomposition temperature,
recorded via TGA at a heating rate of 20 °C min~'. ¢ Residual weight
percentage at 800 °C in nitrogen.
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Table 4 Redox potentials and energy levels of polyimides”

Thin films

(nm) Energy level

- Oxidation” Reduction®
Code Amax  Aomset  Ein (V) Ep (V) EFC (V) ES°™(eV) HOMOE“ (V) LUMO™(eV) LUMOEC (eV)
AQ-DSPI 308 566 1.29 —0.79 2.08 2.19 5.65 3.46 3.57
AQ-6FPI 314 563 1.31 —0.80 2.11 2.20 5.67 3.48 3.56
OAQ-DSPI 309 582 1.09 —0.78 1.87 2.13 5.45 3.32 3.58
OAQ-6FPI 317 566 1.11 —0.78 1.89 2.19 5.47 3.28 3.58

“E, EC (electrochemical band gap): difference between HOMOEC and LUMOEC. E,

P! (optical band Egap) calculated from polymer films (E, = 1240/

Onset) LUMOOpl (LUMO energy levels calculated from optical method): dlfference between HOMO™" and E, Opt by Ag/AgClin CH3CN.  vs. Ag/
AgCl in DMF. ¢ The HOMO and LUMO energy levels were calculated from cyclic voltammetry and were referenced to ferrocene (4.8 eV).
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Fig. 2 Cyclic voltammetric diagrams of polyimide (a) AQ-6FPI and (b)
OAQ-6FPI films on an ITO-coated glass substrate over cyclic scans in
0.1 M TBAP/DMF at a scan rate of 50 mV s~}

voltage of —3.9 V in the first negative sweep (line 1), indicating
the writing process for the transition from the OFF state to the
ON state. The device remained in the ON state during the
subsequent negative scan (line 2) and the subsequent positive
scan (line 3) which could be defined as the reading process. After
turning off the power for 8 min, the memory device returned to
OFTF state without any erasing process, and could be switched on
again at threshold voltage —3.9 V (line 4); this phenomenon

Fig.3 (a) Current—voltage (I-V) characteristics of the ITO/AQ-6FPI/Al
memory device (the time interval between the first and second sweep is
less than 5 s), (b) current—voltage (I-V) characteristics of the ITO/OAQ-
6FPI/Al memory device (the time interval between the third and fourth
sweep is 8 min).

revealed that the memory device possessed SRAM property.
Moreover, the effect of the operation time on the ON and OFF
states of the ITO/OAQ-6FPI/Al device with continuous —2 V
was investigated as shown in Fig. 4(b), and no obvious degra-
dation in current could be observed at both ON and OFF states
for at least 10* s in the readout test, revealing the excellent
stability of this device.
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This journal is © The Royal Society of Chemistry 2012



(a)

Current (A)

10

<13

10

15

10

Voltage (V)
(b)

® ON State
107 ® OFF State

Current (A)
5

10
10"
104 T T T T T T T T T 1
0 2000 4000 6000 8000 10000
Time (s)

Fig. 4 (a) Dual sweep current-voltage (/-V) characteristics of the ITO/
AQ-6FPI/Al memory device. (Each dual sweep process will turn to off
state during the backward sweep.) (b) Effect of operation time on the ON
and OFF states of the ITO/OAQ-6FPI/Al device with a continuing —2 V.

Switching mechanism of the OAQ-6FPI and AQ-6FPI

For getting more understanding of the memory behavior of the
present OAQ-6FPI and AQ-6FPI devices, the molecular orbital
and electrostatic potential surface (ESP) of the basic units were
estimated by performing molecular simulation, and the results
are illustrated in Fig. 5. These two systems with a similar
molecular orbital location (charge density distribution) shown in
Fig. 5 indicated that these two systems could proceed via a
similar charge transfer route from TPA donor to the pendant
anthraquinone acceptor. During the negative voltage sweep,
both AQ-6FPI and OAQ-6FPI, with analogous charge density
distribution, proceed via a similar charge transfer pathway from
TPA donor to the pendent AQ acceptor as the applied potential
reaches the switching-on voltage. Some electrons at the HOMO
may accumulate energy then overcome the band gap, thus
transiting to the LUMO+4 resulting in an excited state. On the
other hand, electrons at the HOMO could also be excited to
other LUMOs with a lower energy barrier. Therefore, charge
transfer could occur through several routes such as indirectly
from the LUMO-+3 or LUMO+2 through intermediate
LUMO+1 and then to the LUMO, or from the intermediate

LUMO+1 to the LUMO, and even directly from the HOMO to
the LUMO to form conductive charge transfer complexes. In
addition, during the intra- or intermolecular charge transfer
induced by the applied electric field, the generating holes can be
delocalized within TPA moieties resulting in a conducting
channel in the polymer chain, then facilitate the migration of
charge carriers (holes). However, the different memory proper-
ties of these two systems could be contributed to the isolated
effect and the non-coplanar geometry of CT complex between
the TPA donor and the acceptor moieties for the OAQ-6FPI
when compared with AQ-6FPI; the ether linkage between donor
and pendant anthraquinone acceptor in OAQ-6FPI can effi-
ciently inhibit the intramolecular backward route, thus stabi-
lizing the CT complex and resulting in a much longer retention
time than the AQ-6FPI system.

Spectroelectrochemistry

Because the energy levels of LUMO+1 (phthalimide moiety) and
LUMO (anthraquinone moiety) were too close to be distin-
guished from the results of simulation, the spectroelec-
trochemical measurements were used to evaluate and compare
the electron-withdrawing capability between these two moieties
for demonstrating the above switching mechanism. The spec-
troelectrochemical behavior of polyimide OAQ-6FPI film is
presented in Fig. 6(a) as UV-vis-NIR absorbance curves corre-
lated to applied potentials. By applying the reduction potential of
—0.8 V (the first stage reduction potential of polyimide OAQ-
6FPI), an increasing intensity of the absorption peaks at 555 and
894 nm could be observed. For comparison, the corresponding
polyimide TPA-6FPI'™ shown in Fig. 6(b) was used to get more
conclusive evidence about the reductive capability between the
anthraquinone and phthalimide moieties; at the reduction
potential of —0.8 V, no obvious UV-vis-NIR absorbance change
could be observed, and an apparent absorption change in the
UV-vis region from 300 to 450 nm could be found only until
the reduction potential was increased to —1.3 V, implying the
reduction of the imide ring requires a higher electrical potential.
Thus, we confirmed the first stable anion radical from UV-vis-
NIR spectral changes should be derived from the anthraquinone
moiety for OAQ-6FPL."

Electrochromic characterization

The electrochromic behavior of polyimide AQ-DSPI and OAQ-
DSPI films is presented in Fig. 7(a) and (b) as a series of UV-vis-
NIR absorbance curves correlated to applied potentials. In the
neutral form (0 V), the film exhibited strong absorption at
308 nm for AQ-DSPI and 309 nm for OAQ-DSPI, representing
the characteristic absorption of a neutral triarylamine unit. In
addition, AQ-DSPI had a shoulder peak at 468 nm due to the
strong D-A charge transfer interaction system. Upon oxidation,
new peaks at 365 and 765 nm gradually increased in intensity for
polymer AQ-DSPI, and two new absorption peaks at 372 and
750 nm grew up for polymer OAQ-DSPI due to the formation of
a stable radical cation of the TPA moieties. The film color
changes are also displayed in the inset of Fig. 7(a) and (b); AQ-
DSPI with a strong D—A system exhibits a pale brownish neutral
state to the green color oxidized form, while OAQ-DSPI with an

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Calculated molecular orbitals and the corresponding energy levels of the basic units (BU) for OAQ-6PFI and AQ-6FPI.
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isolated ether linkage switches from almost colorless at the
neutral state to blue color during the oxidation scan.

Gas separation

Gas permeability measurements were carried out for polyimide
AQ-6FPI, OAQ-6FPI, and OAQ-DSPI membranes prepared by
dissolving about 0.8 g of the polyimide sample in 15 mL of
DMACc on 12 cm glass Petri dish. The polymer solution was
placed at room temperature for 8 h to remove most of the solvent
then the semi-dried film was further dried in vacuo at 160 °C for 8
h. The thickness of the resulting films was about 50-90 pm, and
gas permeability was measured according to the following
equation:

P=1/(pi o)< !

where P is the gas permeability [cm*(STP) cm cm ™2 s~! cmHg],
g/t is the volumetric flow rate of the gas permeate [cm*(STP) s™'],
[ is the free-standing film thickness (cm), 4 is the effective free-
standing film area (cm?), and p; and p- are the pressures (cmHg)
on the high-pressure and low-pressure sides of the freestanding
film, respectively.

Robeson' demonstrated an upper bound in double loga-
rithmic plots of selectivity against permeability for a wide range
of polymers. Robeson plots (double logarithmic plots) of selec-
tivity versus permeability of the AQ- and OAQ-PIs for CO,/CH,4
are depicted in Fig. 8. The gas permeability coefficients and the
separation factors («) based on ratios of pure gas permeability
coefficients presented for O,/N, and CO,/CH, pairs of the
polymer membranes are summarized in Table 5. Increasing in
permeability is generally known to be accompanied by
decreasing the permselectivity, which is consistent with the well-
known permeability/selectivity trade off rule common in strongly
size-sieving polymers. However, the polyimide membranes of the
AQ and OAQ PIs exhibited good permeability as well as high
selectivity for CO,/CH,; separation owing to the intrinsic
noncoplanar TPA segments, contorted —C(CF5),— linkages,
and especially arising from the polar carbonyl groups
contained in the bulky pendent anthraquinone moieties that

1000
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Fig. 8 Double-logarithmic plots of CO,/CH, selectivity versus CO,
permeability for permeable polyimides.

Table 5 Permeability coefficients and ideal separation factors measured
at 35 °C and 294 kPa

Permeation permeabilities Permselectivities
(barrier)“ (OlA/B)
Index Po2 PN2 PCOZ PCH4 POZ/PNZ PCOZ/PCH,,
AQ-6FPI 265 236 6991 243 1.12 28.77
OAQ-6FPI 1.56 155 5754 198 1.01 29.06
OAQ-DSPI  0.53 031 21.56 0.68 1.71 31.71

“ Permeability values are given in units of barrers, where 1 barrer =
10~%m? (STP) cm/(cm? s cmHg), (thickness: 55-90 pm).

hinder intra-segmental mobility, disrupt inter-chain-packing,
and increase the interaction capability of CO,.! In addition, it is
also revealed that AQ-6FPI has higher permeability than OAQ-
6FPI; this phenomenon could be attributed to the bulky
substituent being attached to the backbone directly for AQ-6FPI
rather than via a ether spacer linkage to the main chain for OAQ-
6FPI, which was also demonstrated in the Si-substituted glassy
polymer system in a previous report.'®

Conclusion

TPA-based aromatic polyimides containing pendent anthraqui-
none both directly attached to and incorporated via ether linkage
into backbone as electron acceptor have been successfully
synthesized for memory devices, electrochromic and gas sepa-
ration applications. All polyimides exhibited excellent thermal
stability and high glass transition temperature. The memory
devices with configuration of ITO/AQ-6FPI/Al exhibited distinct
volatile memory characteristics of DRAM while the ITO/OAQ-
6FPI/Al showed volatile SRAM memory property. Thus, the
results indicated the isolated D-A system could effectively
extend the retention time in the memory device application. The
ON/OFF current ratios of these memory devices are up to 10°.
The theoretical analysis results, electrochemical and spec-
troelectrochemical studies suggest that the CT mechanism could
be used to explain the memory characteristics of these poly-
imides, and the linkage effect between the donor and acceptor
was also demonstrated.

These electroactive polyimide films also exhibit interesting
ambipolar electrochromic characteristics; OAQ-DSPI showed a
color change from colorless (neutral from) to blue (oxidized from)
with large color contrast, and also exhibited an obvious change in
UV-vis absorption during the reduction process for OAQ-6FPI,
which demonstrated the potential of these D-A containing pol-
yimides for not only memory device application but also elec-
trochromic fabrication. Besides, the permeability of CO, and
CO,/CHy4 selectivity of these polyimides could be enhanced more
effectively by attaching the bulky and carbonyl-containing
anthraquinone group directly to the backbone than is incorpo-
rated via a spacer. Thus, these novel high performance polyimides
could be considered as facile and multi-functional materials.
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