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based donor-isoindolo[2,1-a]
benzimidazol-11-one acceptor polymers for
ternary flash memory and light-emission†

Qian Zhang,a Chunpeng Ai,b Dianzhong Wen,b Dongge Ma,c Cheng Wang, a

Shuhong Wang *a and Xuduo Bai *a

Three novel donor–acceptor polymers (PCz0, PCz2 and PCz4) based on 9-(9-heptadecanyl)-9H-

carbazole and isoindolo[2,1-a]benzimidazol-11-one with fluorine substituents (0, 2 and 4) on the

acceptor unit were prepared by Suzuki polymerization. The synthesized polymers were studied by

theoretical calculation, and optical and electrochemical characterizations to further investigate the

performance of memory storage and light-emission. The memory devices of the three polymers all

exhibited obvious ternary flash behavior with total ON/OFF state current ratio around 104 and threshold

voltages below 3.0 V, with no other blending or doping. Bright emissions of an electroluminescence

device based on PCz0 was obtained at 556 nm, the maximum brightness was 2006 cd m�2 with EQE of

0.21%. The results suggested that polymers with the structure of carbazole-based donor as backbone

and isoindolo[2,1-a]benzimidazol-11-one segment as acceptor could be excellent materials for memory

storage and light-emitting applications with further investigation and could be used for further design of

other new polymer systems.
Introduction

Resistive memory devices based on conductive polymers have
attracted great interest1–4 on account of the advantages of
polymeric materials such as the ease of manufacture by simply
spin coating, with low consumption, large capacity for data
storage, and feasibility of modication at the molecular level to
achieve ideal electrical properties. With probes applied on two
electrodes under a low voltage, the memristor would exhibit
resistive write, read or erase states by distinguishing the digital
0 and 1 of bits. Apart from a typical binary memristor exhibiting
two conductive states (ON and OFF states) that can store 2 bits,
works on ternary or multilevel memory devices that can store
more than 2 bits signals, which means more than one ON or
OFF states would be observed during switching, are increasing
as well.5–7 The electrical properties of a conductive polymer used
as an active layer that is spin-coated and sandwiched between
two electrodes play a key role to determine the resistive type of
the memristor and affect the performance such as the threshold
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voltage and the ON/OFF current ratio of the device. There have
been many works on polymer-based memristors for informa-
tion storage that focused on blending polymers with nano
materials or fullerene and its derivatives, and on doping poly-
mers with ion or acid to obtain different types of memristors or
to enhance the parameters of devices. For example, memory
device based on PVK–CNT composite lms behaved from
insulator to WORM (write-once–read-many) to rewritable
memory with blending different weight percentage of CNT,8

PFO-based memory device possessed an ON/OFF current ratio
raising from 101 to 103 aer blending with 1.6 wt% MWCNTs,9

a well-dispersed PCBM clusters within PCBM:PTPA hybrid lms
of ITO/PCBM:PTPA/Al memory device could exhibit from DRAM
to WORM behaviour by controlling the PCBM content of 3% to
5 wt%,10 ion-doped poly(4-vinylpyridine) derivative-based
memristor could be tuned from a binary to a ternary perfor-
mance by increasing the content of carbazole moieties,5 and
acid-doped polyazomethine (PA-TsOH)-based memory device
with the conguration of Pt/PA-TsOH/Pt demonstrated a multi-
level storage capability.11 Therefore, it's an important basic
work to investigate polymeric material that possesses good
memory performance itself, without additional blending or
modication. Several types of polymers can be applied to
fabricate memory devices in general, such as poly(N-vinyl
carbazole)s (PVKs),8,12–14 polyuorenes (PFs),9,15,16 poly-
triphenylamines (PTPA),10,17,18 polyimides (PIs),19–21 polymers
containing two or more segments mentioned above,22–26 and
polymers containing metal complexes.27,28 Among these
RSC Adv., 2019, 9, 27665–27673 | 27665
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Scheme 1 Synthesis route of carbazole-fluorinated acceptor poly-
mers PCz0, PCz2 and PCz4.
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polymers, derivatives of PVK have exhibited excellent memory
performances since the containing electron donating carbazole
groups could facilitate hole transporting. Polymers containing
carbazole groups possess two types of structures: carbazole as
backbone and carbazole as a pendant linking to sidechain. The
latter utilizes the tendency of neighbouring carbazole groups to
form a face-to-face conformation that could facilitate charge
carriers hopping through under an applied voltage, leading to
a high-conductivity state,14,26,29,30 while the former fully utilizes
the property of hole transporting, the advantage of rigid planar
structure, and the ease of controlling the photoelectron
performance at molecule level by introducing various acceptor
directly to the backbone of the carbazole group.24,31 PIs have
been widely used as acceptor because of the excellent thermal,
chemical and electro properties and the feasible functionaliza-
tion of molecule to tune these properties. The phthalimide
segment of PI possesses strong ability of electron withdrawing
and would achieve a conductive charge transfer (CT) state under
applied electric eld by linking with an electron donor to form
a donor–acceptor (DA) system of a polymer, which could lead to
a non-volatile behaviour of a memristor. Thus, the memory
behaviours can be tuned by both electron donor and
acceptor.32–35 In the light of above information, we designed and
synthesized three DA polymers that using carbazole backbone
as donor and choosing an isoindolo benzimidazole group
substituted with different numbers of uorine (0, 2, 4) on the
sidechain to tune the ability of electro transporting as acceptor,
and studied the memory behaviours based on these polymers.

Since the fabrication of an asymmetric memory device is the
same as the simplest conguration of a PLED device, which is
substrate/bottom electrode/polymer/top electrode,36 and
considering the PVKs have been widely used in optoelectronic
eld as an elector-donating and hole transporting group,37,38 we
also prepared PLED devices using the designed polymers to nd
out the performance of light-emitting. In this study, we pre-
sented the synthesis of isoindolo[2,1-a]benzimidazol-11-one
segments with different numbers of uorine substitutions (0,
2, 4) as acceptors introduced to 9-(9-heptadecanyl)-9H-carbazole
backbone by Suzuki reaction to prepare and characterize three
novel DA polymers (PCz0, PCz2 and PCz4), fabricated memory
devices and PLEDs based on these polymers as functional layers
and investigated the performances of these devices. As a result,
the resistive switching memory devices of three polymers all
exhibited ternary ash behaviour with total ON/OFF current
ratio reached to about 104 and threshold voltages below 3.0 V.
The PLED device based on PCz0 with the conguration of ITP/
PEDOT:PSS/polymer/TPBi/LiF/Al showed good emission at
about 556 nm with maximum external quantum efficiency of
0.21% and maximum brightness of 2006 cd m�2. To the best of
our knowledge, PCz0, PCz2 and PCz4 are few examples of
promising copolymer containing carbazole group as backbone
and phthalimide moiety as sidechain that processes obvious
ternary ash memory behaviours with no other blending or
doping. The results suggested that the designed polymers were
worthy of further modication for higher performances of
memory and PLED devices and of further research on designing
other new polymer systems.
27666 | RSC Adv., 2019, 9, 27665–27673
Experimental
Materials and instruments

3,6-Dibromobenzene-1,2-diamine purchased from YIMEI (Har-
bin, China) and phthalic anhydride purchased from J&K (Bei-
jing, China) were puried by sublimation (10�2 mbar) before
use. All other chemicals purchased from TCI (Shanghai, China)
and Aladdin (Shanghai, China) were used as received. All
indium-tin oxide (ITO) substrates used for devices were well
cleaned and treated by Photo Surface Processor (PL 16-110,
replace lamp SUV110GS-36) before use.

FT-IR spectra were obtained from PerkinElmer Spectrum 100
Model FT-IR spectrometer. 1H-NMR spectra were obtained on
Bruker AC-400 MHz NMR Spectrometer. GPC analysis was
recorded by using a Malvern instrument connected with
Viscotek-VE3580-RI-Detector and standard polystyrene samples
as calibration, which were performed on a polymer/THF solu-
tion at a ow rate of 1 mL min�1 at 30 �C. Thermal gravimetric
analyses (TGA) were taken under nitrogen atmosphere with
10 �C min�1 rate and were recorded on PerkinElmer Pyris 6
workstation. Photochemical measurements were obtained by
using SHIMADZU UV-3600 and Jasco FP-6200 spectrophotom-
eter. Cyclic voltammeter was measured by CHI-660E electro-
chemical workstation at a voltage scan rate of 50 mV s�1.
Memory behaviour was carried out by Keithley 4200-SCS semi-
conductor workstation under applied voltage with step of
0.05 V. Luminance properties of light-emitting device were
recorded by using Keithley source measurement (Keithley 2400
and Keithley 2000) with a calibrated silicon photodiode. The
electroluminescent spectra were obtained by using Spectra scan
PR650 spectrophotometer.
Synthesis of monomers and polymers

The general synthesis procedure using o-phenylenediamine to
prepare isoindolo[2,1-a]benzimidazol-11-one and its analogues have
been fairly reported.39,40 We chose the typical conditions with heat-
ing under reux in acetic acid and acetic anhydride successively to
prepare isoindolo[2,1-a]-6,9-dibromobenzimidazol-11-one (“0f”),
2,3-diuoroisoindolo[2,1-a]-6,9-dibromobenzimidazol-11-one (“2f”)
and 1,2,3,4-tetrauoroisoindolo[2,1-a]-6,9-dibromobenzimidazol-
11-one (“4f”). FT-IR and 1H-NMR were used to verify the structural
characterization of three monomers, which were described in ESI,†
along with the details of synthesis (see ESI S1 and S2†).

The general synthesis procedure of polymers was shown in
Scheme 1. 9-(9-Heptadecanyl)-9H-carbazole-2,7-diboronic acid
bis(pinacol) ester, monomer, Pd(PPh3)4 (3 mol% based on total
monomer) were dissolved in 6–8 mL of toluene and 1 mL of 2 M
This journal is © The Royal Society of Chemistry 2019
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KF, degassed, backlling with nitrogen and heated to reux
under nitrogen atmosphere for 72 h. The resulting mixture was
cooled to room temperature and extracted from toluene 3 times,
concentrated to a small amount and re-precipitated from
180 mL of methanol/H2O (8 : 1, v/v). The precipitate was
collected, washed with acetone for 48 h by Soxhlet extractor
method, and nally dried under vacuum.

Poly[2,7-9-(9-heptadecanyl)-9H-carbazole-co-benzo[4,5]
imidazo[2,1-a]isoindol-11-one] (PCz0)

0.197 g (0.3 mmol) of 9-(9-heptadecanyl)-9H-carbazole-2,7-
diboronic acid bis(pinacol) ester, 0.113 g (0.3 mmol) of 6,9-
dibromobenzo[4,5]imidazo[2,1-a]isoindol-11-one (0f), 12 mg of
Pd(PPh3)4 and 8 mL of toluene were used to afford 0.116 g of
puried yellow green solid PCz0 (62.0%). 1H-NMR (400 MHz,
CDCl3): d (ppm) 0.84–0.92 (m, 6H, CH3), 1.15–1.54 (m, 22H,
CH2), 1.91–2.34 (m, 6H, CH2), 3.60–3.72 (m, 1H, CH), 7.67–8.66
(m, 12H, Ar–H).

Poly[2,7-9-(9-heptadecanyl)-9H-carbazole-co-2,3-
diuorobenzo[4,5]imidazo[2,1-a]isoindol-11-one] (PCz2)

0.197 g (0.3 mmol) of 9-(9-heptadecanyl)-9H-carbazole-2,7-
diboronic acid bis(pinacol) ester, 0.124 g (0.3 mmol) of 2,3-
diuoro-6,9-dibromobenzo[4,5]imidazo[2,1-a]isoindol-11-one
(2f), 17 mg of Pd(PPh3)4 and 6 mL of toluene were used to afford
0.132 g of puried yellow green solid PCz2 (66.7%). 1H-NMR
(400 MHz, CDCl3): d (ppm) 0.74–0.91 (m, 6H, CH3), 1.15–1.46
(m, 22H, CH2), 1.93–2.37 (m, 6H, CH2), 3.59–3.68 (m, 1H, CH),
7.52–8.19 (m, 10H, Ar–H).

Poly[2,7-9-(9-heptadecanyl)-9H-carbazole-co-1,2,3,4-
tetrauoro-benzo[4,5]imidazo[2,1-a]isoindol-11-one] (PCz4)

0.197 g (0.3 mmol) of 9-(9-heptadecanyl)-9H-carbazole-2,7-
diboronic acid bis(pinacol) ester, 0.135 g (0.3 mmol) of
1,2,3,4-tetrauoro-6,9-dibromobenzo[4,5]imidazo[2,1-a]
isoindol-11-one (4f), 12 mg of Pd(PPh3)4 and 6 mL of toluene
were used to afford 0.107 g of puried orange-yellow solid PCz4
(51.2%). 1H-NMR (400 MHz, CDCl3): d (ppm) 0.84–0.87 (m, 6H,
CH3), 1.16–1.45 (m, 22H, CH2), 1.99–2.39 (m, 6H, CH2), 3.57–
3.67 (m, 1H, CH), 7.37–8.33 (m, 8H, Ar–H).

Devices preparation

The memory devices were fabricated with the conguration of
ITO/polymer/Al. Polymers in 10 mg mL�1 dichlorobenzene
solution (ltrated by 0.45 mm PTFE lter aer dissolved) were
spin coated on top of ITO substrates at 500 rpm for 1 min and
dried at 80 �C under nitrogen. The samples were transferred to
a thermal evaporation chamber with a shadow mask for Al
deposition under high vacuum of 2 � 10�6 mbar. The diameter
of the top Al electrode of memory device is 200 mm. The PLED
devices were fabricated with the conguration of ITO/
PEDOT:PSS/polymer/TPBi/LiF/Al. PEDOT:PSS was spin-coated
on top of the ITO substrates at 1000 rpm for 1 min and dried
at 80 �C for 1 h. Polymers solved in THF as 10 mg mL�1 solu-
tions (ltrated by 0.45 mm PTFE lter aer dissolved) were then
This journal is © The Royal Society of Chemistry 2019
spin-coated above the PEDOT:PSS layer at 1500 rpm for 1 min.
TPBi, LiF and Al were deposited under high vacuum of 1 � 10�6

mbar with a shadow mask to give the device an active area of 16
mm2. Preparation steps aer spin coating PEDOT:PSS were
carried out in two interconnected N2-lled glove boxes ([O2]
<3 ppm, [H2O] <0.5 ppm).
Results and discussion
Characterization of PCz0, PCz2 and PCz4

The peaks of 1H-NMR resonated in the region of 0.74–2.39 ppm,
3.57–3.72 ppm and 7.37–8.66 ppm were assigned to the
aliphatic (–CH3, –CH2), aliphatic (–CH) and aromatic protons,
respectively. In the case of FT-IR spectrum, polymers exhibited
similar characteristic peaks due to their similar structure. Peaks
around 2853–2926 cm�1 was typical strong C–H stretching for
octyl chains, peaks around 1213 cm�1 and 1345 cm�1 were alkyl
and aryl C–N, and it's noticeable that stretching vibrations of
carbonyl groups in condensed cyclic g-lactams would move to
about 1770 cm�1 in their IR spectra.40 The C–F bonds don't
usually possess a constant vibrational frequency nor do they
always have unique absorption band features, which may lead
to the difficulty of locating and recognizing their absorption.41

Since the C–F stretching could exhibit two or more bands of
polyuorinated aliphatic hydrocarbons with a broad range41 of
1400–1000 cm�1, and compared with the non-uorinated
monomer 0f, the aromatic C–F stretching bands of uori-
nated monomer 2f and 4f were assumed to be (1471 cm�1,
1486 cm�1) and (1492 cm�1, 1519 cm�1), respectively. The C–F
vibration of polymer PCz2 was hard to recognize, and in terms
of PCz4, the C–F stretching band could be located around
1508 cm�1 (see ESI S3 and S4†). Prepared polymers of PCz0,
PCz2 and PCz4 possessed the Mn of 12 916 with the poly-
dispersity indices (PDI) of 1.26, 13 289 with PDI of 1.20 and
12 826 with PDI of 1.26, respectively, which could well meet the
requirements of spin-coating thin-layers in fabricating process
of device.
Theoretical quantum calculation of polymers

Themolecular simulation based on the optimized repeat unit of
PCz0, PCz2 and PCz4 were carried out by hybrid density func-
tional theory B3LYP/6-31G basis set of Gaussian 09 program in
order to get some insight into the properties of the polymers. As
shown in Table 1, the HOMOs were nearly all located on the
donor moieties, while the LUMOs were located on the acceptor
moieties. The dihedral angles between donor and acceptor
units of model polymers were 46.0�, 49.5� and 46.2�, respec-
tively, which indicated there may be conformational distortion
and the intramolecular charge transfer in ground state may not
be effective.42 As the numbers of uorine introducing to the
acceptor increased, the positive region (blue) of the electrostatic
potential surfaces (ESP) was more dispersed in doubly-
uorinated model of PCz2 while more centralized in four-
uorinated model of PCz4. According to the denition of ESP,
positive charges approaching molecule would favor the negative
region, the more electron-rich sites, and vice versa.43 Thus, once
RSC Adv., 2019, 9, 27665–27673 | 27667
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Table 1 Calculated molecular orbitals and energy levels and ESP of
the basic units of PCz0, PCz2 and PCz4

HOMO LUMO Electrostatic potential surfaces (ESP)

PCz0

PCz2

PCz4
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under applied electric eld, holes and electrons injected from
electrodes could be trapped/detrapped by the negative and
positive regions of a polymer respectively, and consequently
affect the balance of electron accumulation and transportation.
The dipole moment calculation results of three models were
3.50 of PCz0, 1.69 of PCz2 and 1.87 Debye of PCz4, which were
assumed to be stable enough to sustain the CT state that formed
under electric eld and memristors based on these polymers
might exhibited WORM or ash memory behaviors.3 These
results also suggested the optical and electro performance of
three polymers may not scale with the number of uorine
substitutions.
Thermal, optical properties and electrochemical
characteristics of polymers

The TGA (see ESI S5†) of PCz0, PCz2 and PCz4 showed good
thermal stability, of which the onset decomposition tempera-
tures (Td) were 331 �C, 362 �C and 330 �C, respectively, which
met requirement well with the stability of polymers. Fig. 1
showed the absorption and emission of PCz0, PCz2 and PCz4 in
thin lms. The absorption of three polymers possessed two
main regions, p–p* transition peaks around 310 nm that might
attribute to the donor unit and p–p* transition that might
Fig. 1 Normalized UV-vis absorption (solid) and PL spectra (dash) of
PCz0, PCz2 and PCz4 in thin films.

27668 | RSC Adv., 2019, 9, 27665–27673
cause by the acceptor unit. No obvious absorption above 400 nm
were observed, which indicated there may be conformational
distortion that restricted the charge transfer between donor and
acceptor segment.42 The emission spectra of PCz2 exhibited
stocks shi about 58 nm, while more than 100 nm of stocks
shi were found in the case of PCz0 and PCz4, which exhibited
new dominated green emission while blue emission band were
weakened. This may attribute to less twist angle in main chain
of the two polymers that may result in more efficient excitation
energy transfer that facilitated by intra- and interchain inter-
action.44,45 The optical properties of three polymers were
summarized in Table 2.

The highest molecular orbital (HOMO) energy level was
calculated from the formula EHOMO ¼ �(Eonsetox vs. Ag/AgCl +
4.4) eV, and the lowest unoccupied molecular orbital (LUMO)
energy level was estimated from ELUMO ¼ EHOMO + Eoptg , on the
base of which the HOMO and LUMO level were obtained as
listed in Table 2. The HOMO levels of PCz0, PCz2 and PCz4 were
quite approximated, but LUMO levels were more affected by the
presence of uorine, and the impact affected more on doubly-
uorinated polymer PCz2 than the four-uorinated polymer
PCz4. The results also suggested that the strong electron-
withdrawing nature of uorine substituents were not the
single factor that affect the optical and electrochemical prop-
erties of polymers and further behaviour in devices (Fig. 2).
Characteristics of memory device

The memory devices were fabricated with the simple structure
of ITO/polymer/Al conguration (Fig. 3), along with the scan-
ning electron microscopic images (SEM) of polymeric layer.
With the thickness around 59 nm, the surface of polymer was
uniformed. Thememory behaviour was investigated by current–
voltage (I/V) characteristics and retention behaviours, which the
value of current was replotted on a log scale (Fig. 4). As device
based on PCz0 (Fig. 4a) for example, the rst sweep under the
voltage ranged from 0 to �6 V exhibited an OFF-to-ON transi-
tion which was dened as a “writing” process. With the increase
applied bias during the rst sweep, the current showed
a sudden jump at �1.1 V, which revealed device switching from
a low conductive state (OFF state) to a high conductive state
(ON-1 state), the current kept increasing as the voltage rising,
and jumped to a high conductive state (ON-2 state) under �2 V.
At this rst sweep, the current jumped from about 10�5 A to
10�2 A (ON-1 state) and nally to 10�1 A (ON-2 state), which
indicated the total ON/OFF ratio reached to 104. The device
remained at the ON state during the whole second sweep, which
was considered as a “reading” behaviour of the device. With the
applied bias reversed, the device exhibited an ON-to-OFF tran-
sition which was dened as an “erasing” process. The device
remained at ON state until the applied bias increased to 2.2 V,
under which the device switched to OFF state. During the last
sweep, the device remained at OFF state as a “re-reading”
behaviour. The intermediate resistance state like ON-1 under
negative bias was not observed during the sweep of positive
bias, which probably due to the residual conductive laments
formed during the rst and second sweep through which the
This journal is © The Royal Society of Chemistry 2019
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Table 2 Optical and electrochemical characteristics of PCz0, PCz2 and PCz4

Polymer Abs lmax
a (nm) Abs lonset (nm) PLmax

b (nm) Eoptg
c (eV) EHOMO (eV) ELUMO

d (eV)

PCz0 350 458 534 2.71 �5.43 �2.72
PCz2 362 396 420 3.13 �5.46 �2.33
PCz4 360–363 443 504, 578 2.80 �5.37 �2.57

a Only the lowest energy maxima was shown. b Excited at 370 nm. c Estimated from the onset of the absorption of the polymer in thin lm as Eoptg ¼
1240/lonset.

d Calculated as ELUMO ¼ EHOMO + Eoptg .

Fig. 2 Cyclic voltammetry of polymer PCz0, PCz2 and PCz4.

Fig. 3 Illustration and SEM images of the ITO/polymer/Al memory
device.
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current could ow as a channel, thus the intermediated state
may not sustain under the lower positive bias.7,46,47 The rewrit-
able and non-volatile four stepped circle revealed a ternary ash
type memory device with an ON/OFF current ratio greater than
104.

The devices based on PCz2 and PCz4 exhibited similar ash
behaviour (Fig. 4b and c). In the second voltage scan from 0 V to
�6 V, the current of two devices jumped to ON-1 state under
�1.3 V and�0.9 V, and subsequently to ON-2 state under�3.6 V
and �1.5 V, respectively. While in the third voltage scan from
0 to 6 V, the current of two devices sharp dropped to OFF state
under 3.8 V and 4.0 V, respectively. Compared to the device
based on PCz0, devices with PCz2 and PCz4 possessed much
higher ON-1/ON-2 ratio that could reach to around 104 (see ESI
S6†). These two devices exhibited ternary ash type as well.
Fig. 4d–f showed the retention behaviours of OFF, ON-1 and
ON-2 states of memory devices. Under the voltage of �0.5 V, no
obvious degradation was observed for at least 5000 s.

Among three polymers, the switching-on voltage of double
uorinated polymer was the highest, which may due to the
highest band gap (Eg) of PCz2 (3.13 eV), while the Eg of PCz0 and
PCz4 were close (2.71 eV and 2.80 eV), leading to a similar on-
voltage of the two. As discussed in the theoretical quantum
calculation section, the dipole moment played an important
role to sustain the CT state formed under electric eld during
the working of a ash type memristor,3 thus the PCz0 exhibited
the highest dipole moment of 3.50 D resulting in a more
balanced and stable curves. Although memory device of PCz2
exhibited higher on-voltage and less stable I/V characteristics,
This journal is © The Royal Society of Chemistry 2019
the ON/OFF ratio was the largest (see ESI S6†). These results
indicated that the tunability of resistivity in molecule level was
feasible and the improvement of the memory performance may
not scale with the increasing of uorine substituents.

One of the most widely used mechanisms of resistive
memory devices based on donor–acceptor polymer is the charge
transfer effect. When the bias reached the threshold voltage (the
switching-on voltage) of thememory device, partial of charges at
the HOMO level transited to various LUMO levels with the
highest probability to reach the excited state, leading to
a formation of high conductivity path within polymers.48,49

When the applied voltage was removed, the charge transfer
state could be sustained by the formation of dipole moment in
polymer, which resulting in a non-volatile memory behavior.50
RSC Adv., 2019, 9, 27665–27673 | 27669
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Fig. 4 Current–voltage (I–V) characteristics and retention behaviours
under �0.5 V of PCz0 (a and d), PCz2 (b and e) and PCz4 (c and f).
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In the present PCz0 as example (Fig. 5), as the energy levels of
HOMO and LUMO3 of PCz0 were overlapped, charges with
enough energy transiting from HOMO to LUMO3 within the
donor unit to form an excited state was a plausible process and
the charges of LUMO3 of donor could transfer to LUMO2 and
LUMO of acceptor aerwards. Besides, the charges from HOMO
of donor could also transfer directly to the LUMO2 and LUMO
level of acceptor but with different probabilities. The multiple
transition processes of charges would promote intermolecular
Fig. 5 Illustration of transitions induced by the electric field based on
optimized repeated unit of PCz0.

27670 | RSC Adv., 2019, 9, 27665–27673
charge transfer to form a conductive complex, thus, high
conductive states of PCz0 were reached, leading to sharp
current increases and sustained ON states of the memory
device. During the reverse sweep, the holes were injected from
ITO electrode and migrated throughout the backbone of PCz0,
thus the applied voltage was required to supply the energy to
dissociated the charge transfer complex and turn the device to
initial OFF state. PCz2 and PCz4 exhibited similar transition
patterns induced by the electric elds (see ESI S7†).

Another way of understanding the mechanism of the mem-
ristor is the SCLC (space charge limited conduction) model for
switching behaviour. Take memory device based on PCz0
(Fig. 6a) for example, at the beginning of charge injection from
electrodes, the I–V curve in log–log scale of OFF state exhibited
linear (slope closed to 1) under lower voltage, which indicated
Fig. 6 Experimental I–V curves (black line and symbol) in log–log
pattern and fitting slopes (coloured lines) of memory device based on
(a) PCz0, (b) PCz2 and (c) PCz4.

This journal is © The Royal Society of Chemistry 2019
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the working mechanism followed ohmic conduction model as J
f V and the device was at a high resistance state.51,52 As applied
voltage increasing, the current raised more slowly and the slope
of curve could be nearly 2 (1.66 in this case), as the behavior of
device was controlled by trapped carriers in this process as
discussed above and the pattern was SCLC.53 Aer a sudden
jump of current at on-voltage, the device switched from OFF
state to ON-1 state and then to the ON-2 state, and the memory
behavior was nally dominated by the ohmic conduction again.
Memory devices of PCz2 and PCz4 exhibited similar I–V curve
region (Fig. 6b and c) and tted the SCLC model as well.
Characteristics of electroluminescence device

On the basis of memory device, active layers of PEDOT:PSS and
TPBi was inserted between electrode and polymer layer to
congurated a PLED device with the structure of ITO/
PEDOT:PSS/polymer/TPBi/LiF/Al to nd out the utility of poly-
mer for electroluminescence (EL) of PCz0, PCz2 and PCz4.
PEDOT:PSS was used to facilitate the hole injection and TPBi
was used as an electron transporting and hole blocking layer.
LiF deposited on Al electrode was used for lowering the barrier
between work function of cathode and the LUMO energy level of
active layers to enhance electron injection. Work function and
energy levels were illustrated as Fig. 7.

The V–I–B characteristics of PLED devices were shown in
Fig. 8 and Table 3. Under applied bias, holes injected from ITO
and electron injected from cathode recombined in the polymer
layer, thus the higher the current density the lower the on
voltage. The Homo energy levels of PCz0, PCz2 and PCz4 were
similar, thus the LUMOs played an important role in the term of
balance of carrier transport. As studied in the electro electro-
chemical characteristics section, PCz2 possessed the highest
LUMO among the three polymers, which indicated the biggest
barrier between polymer layer and electrode and led to the
weakest behave of a PLED device. Compared to device of PCz4,
PCz0 well matched the energy level of layers, resulting in the
highest properties with maximum brightness of 2006 cd m�2
Fig. 7 Illustration of energy levels of all layers of PLED device.

Fig. 8 (a) Current density and (b) brightness of ITO/PEDOT:PSS/
polymer/TPBi/LiF device based on PCz0, PCz2 and PCz4, (c) EL
spectrum and (d) EQE of PLED device based on PCz0.

This journal is © The Royal Society of Chemistry 2019
under 13.6 V, almost 30–50-fold increase compared with the
other two devices. The electroluminescent spectra of PCz0
exhibited maximum emission around 556 nm with the external
quantum efficiency based on EL of 0.21%, the other two were
too weak to be detected.
RSC Adv., 2019, 9, 27665–27673 | 27671
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Table 3 Electroluminescence characteristics of PLEDs based on PCz0, PCz2 and PCz4 with active area of 0.16 cm2

Polymer lELmax (nm)
On voltage
(V)

Current density
(mA cm�2)

Brightness
(cd m�2)

Current efficiencymax

(cd A�1) Power efficiencymax (lm/W) EQEmax (%)

PCz0 556 6.4 505.6 2006 0.96 0.38 0.21
PCz2 —a 17.2 108.8 41 0.04 0.01 —a

PCz4 —a 10 184.8 77 0.10 0.03 —a

a Too weak to be detected.
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Conclusions

Three carbazole-based donor-isoindolo[2,1-a]benzimidazol-11-
one acceptor polymers with comparable number of uorine
substitutions (0, 2 and 4) substituted on acceptors were
synthesized and studied. Introducing uorine to acceptor unit
could noticeably change the optical and electrochemical prop-
erties of polymers and played a certain role on memory and
light-emitting behaviours, but the impact may not scale with the
number of uorine substitution increasing, at least in our
studied series (PCz0, PCz2 and PCz4). Three polymer-based
memristors all exhibited obvious ternary ash memory behav-
iours with low threshold voltage under 3.0 V and total ON/OFF
state current ratio that could reach to 104, with no additional
blending or doping. Bright emissions of electroluminescence
device based on PCz0 was obtained at 556 nm, the maximum
brightness was 2006 cd m�2 with EQE of 0.21%. Considered
that uorine was substituted to the sidechain of acceptor unit
other than directly into the backbone of polymer, the perfor-
mance of devices might be affected by various contribution
instead of the sole effect of strong electron-withdrawing nature
of uorine. The results indicated that the memory behaviours
and electroluminescent performance could be tuned by modi-
fying donor and acceptor segments, and these studied polymers
could be considered for further use for other polymer systems
and for further modication for the improvement of both
memory storage and display applications.
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