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Exploring the influence of acceptor-strength
in alkoxyphenanthrene-based A–p–D–p–A
versus D–p–A architectures for resistive
WORM memory devices

Senthilkumar V. Swetha,a Murali Ardra,a Predhanekar Mohamed Imranb and
Samuthira Nagarajan *a

In the proliferation of resistive memory devices, organic small molecules play a vital role in high-density

data storage technology. Effective tuning of organic molecules through strategic design enhances their

memory characteristics. Herein, we present the first systematic investigation comparing symmetric

A–p–D–p–A versus D–p–A-architected compounds, revealing fundamental structure–property relation-

ships that govern the performance of memory devices. We synthesized a series of novel compounds

featuring alkoxyphenanthrene as a central core donor moiety and an ethynyl spacer linking it with indo-

loquinoxaline/dibenzo[a,c]phenazine as the acceptor unit. All the synthesized compounds exhibited

potent binary non-volatile WORM memory behavior with ON/OFF current ratios ranging from 103 to

104, long retention times of 2 � 103 s, and endurance characteristics of 100 cycles. Among the

synthesized compounds, the A–p–D–p–A system attained a reduced threshold voltage of around

�1.0 V over the other due to a well-balanced donor–acceptor system, leading to effective orbital over-

lap and charge distribution, a critical advancement over the D–p–A architecture device. The outperfor-

mance of the A–p–D–p–A systems was supported by the intramolecular charge transfer interactions

and reduced energy band gap values observed in photophysical and electrochemical studies. The mole-

cular simulations validated the efficient intramolecular charge transfer, which provides distinctive con-

ductive states in the fabricated device, reinforcing the experimental observations. Thus, these insights

suggest that the increase in acceptor strength in the system balances the push–pull interactions, aiming

for a promising candidate for memory device applications.

Introduction

In this third decade of the twenty-first century, the development
of high-density data storage devices is increasingly demanding
innovative materials that combine efficient charge transport,
stability, and scalability.1–3 On the other hand, organic small
molecules have emerged as a crucial class in electronic devices,
fundamentally transforming their capabilities and applications as
an alternative to inorganic semiconductor-based electronics.4

Organic small molecules have gained prominence in this arena
due to their modular structures, which allow precise tuning of
electronic properties and straightforward synthetic routes.5,6

Among these, donor–p–acceptor (D–p–A) systems have been
extensively studied for their ability to facilitate intramolecular
charge transfer, a key mechanism underpinning resistive

switching behaviour in memory devices.7 The electrical switch-
ing behaviour can be controlled by manipulating several key
molecular design parameters.8 These adjusting factors include
the molecular design, the D–A configuration, the molecular
planarity, the intrinsic strength of both the donor and acceptor
units, and the nature of spacer linkages in the system.9 Notably,
Cann et al.10 demonstrated how ethynyl spacers within the D–A
architecture influenced memory performance. Along with
molecular design and structure, there is a growing interest in
exploring how various substituent electronic effects can modify
the frontier molecular orbital levels, ultimately impacting the
molecule’s electronic band gaps.11–14 Recent advances suggest
that expanding this design to include dual acceptor units in an
A–p–D–p–A architecture can further enhance the molecule’s
electronic interactions, leading to improved performance char-
acteristics such as a high ON/OFF current ratio and lower
operating voltages.15–17 In this way, alkoxyphenanthrenes, as
central core moieties end-capped with different terminal units,
have already been explored and reported in OFET applications,
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achieving a hole mobility of 0.85 cm2 V�1 s�1 with an ON/OFF
current ratio of 108.18 In general, phenanthrene derivatives
provide a robust and planar p-conjugated donor core conducive
to strong push–pull electronic interactions. The hexyloxy chains
introduced at the 9 and 10 positions in phenanthrene will
enhance solubility and improve humidity resistance.18 In contrast,
quinoxaline is a heterocyclic compound combining the pyrazine
and benzene rings. Quinoxalines serve as outstanding electron-
accepting units, mainly due to the strong electron-withdrawing
effect of the two nitrogen atoms at the system’s 1 and 4
positions.19,20 These quinoxaline-based compounds have been
extensively utilized to create highly optimized and customizable
materials across various organic electronic applications.21–24 A key
benefit of incorporating quinoxaline as an acceptor lies in the
ability to fine-tune the molecules’ HOMO–LUMO energy gap by
pairing it with different donor units, alongside the ease
of modifying its molecular structure, given the multiple reactive
sites available. Additionally, quinoxalines exhibit excellent
ambient stability due to their inherently low HOMO energy
levels. Polymers based on quinoxaline, functionalized with
phenanthrene groups, have demonstrated exceptional memristor
performance, achieving ON/OFF ratios exceeding 104. Shi and
co-workers reported the development of two small quinoxaline-
based organic molecules that displayed non-volatile WORM
memory characteristics with ternary switching capabilities.25

The inclusion of indole and phenanthrene units to the quinoxa-
line results in indoloquinoxaline and dibenzo[a,c]phenazine moi-
eties, respectively. When functionalized with electron acceptors
such as indoloquinoxaline and dibenzo[a,c]phenazine via ethynyl
linkers, these molecules provide a versatile platform for investi-
gating the effects of molecular architecture and intramolecular
donor–acceptor interactions, as well as intermolecular donor–
acceptor interactions on resistive memory functions.26–29

In particular, it has been reported that the indoloquinoxaline
moiety at the terminal end of the system provided exceptional
behavior, transforming the device from SRAM to ternary
WORM memory behavior.30 Yu et al. have reported the syn-
thesis of six donor–acceptor conjugated systems incorporating
phenazine as the acceptor unit. They achieved high-perfor-
mance multilevel memory storage, highlighting the strong
electron-accepting ability of phenazine derivatives and their
hierarchical charge-trapping nature.31 Our research group has
already explored the potential of the inbuilt D–A architectured
indoloquinoxaline unit in memory device performance and
found it to exhibit low threshold voltage and an ON/OFF ratio
of 102.32 It has been found that further tuning with suitable
donors and modification in the designing strategy will make
the indoloquinoxaline a potential candidate for memory device
applications. Although the design and synthesis of numerous
organic small molecules for resistive switching memory devices
has been reported, it is worth noting that the architecture
has primarily focused on either the D–p–A or A–p–D–p–A
configuration.33 Thus, focusing on the systematic analysis of
head-to-head comparison of both architectures, we have
designed the molecules to establish a structure–performance
relationship in memory device applications.

In this work, we report the synthesis and comprehensive
characterization of four novel organic small molecules featur-
ing [3]-phenacene as the donor core combined with di- and
monosubstituted acceptor units via acetylene bridges to form
A–p–D–p–A and D–p–A systems, respectively. Through detailed
studies of their UV-visible absorption, electrochemical behav-
ior, thin film morphology, and resistive memory performance,
established correlations were found between molecular structure
and device metrics, including threshold voltage, endurance cycles,
retention time, and ON/OFF current ratios. Complementary mole-
cular simulations offer insight into intramolecular charge transfer
efficiency and frontier orbital alignments, thereby reinforcing
experimental observations. The primary objective behind this
architectural manipulation is to explore and harness the potential
of additional acceptors in the A–p–D–p–A architecture compared
with the non-symmetrical D–p–A architecture.

Experimental section
Materials and methods

9,10-Phenanthroquinone, N-iodosuccinimide, trifluromethane-
sulfonic acid, 1-bromohexane, sodium dithionite, 5-bromoisatin,
o-phenylenediamine, 4-bromo-1,2-phenylenediamine, 2-methyl-
but-3-yn-2-ol, potassium carbonate, Bu4NBr, KOH, Pd(PPh3)2Cl2,
and copper iodide were used as purchased from commercial
sources. ACS-grade solvents were used for spectroscopic analy-
sis. Thin-layer chromatography was performed using silica gel A
(F-254) precoated plates (0.25 mm) and visualized by UV irradia-
tion. Silica gel with a particle size of 100–200 and 230–400 mesh
was used for column chromatography to purify the compounds.
A Bruker 400 MHz spectrometer was used to record 1H NMR and
13C NMR using tetramethylsilane (TMS) as the internal standard
and CDCl3 as the solvent. Absorption and emission spectral
studies were recorded using a JASCO UV-NIR spectrophotometer
and a PerkinElmer LS 55 spectrophotometer. The CHI electro-
chemical analyser was used for cyclic voltammetry analysis. The
surface morphology of the thin films was examined using
scanning electron microscopy (SEM) with VEGA3 and TESCAN
diffractometer instruments. Thermogravimetric analysis (TGA)
was conducted on PerkinElmer STA8000 (Simultaneous Ther-
mal Analyzer) at a heating rate of 20 1C min�1 under a nitrogen
atmosphere. All the fabricated devices were analysed for mem-
ory characteristics using a Keithley 4200A SCS semiconductor
parameter analyser under ambient conditions.

Results and discussion
Synthesis

A–p–D–p–A and D–p–A architecture compounds were designed
with phenanthrene as the core donor moiety (Fig. 1). To have a
comprehensive comparative study and to analyse the objective
of balancing acceptor strength on memory behaviour, two
different acceptor units, indoloquinoxaline and dibenzo[a,c]-
phenazine, have been encapsulated into the donor unit through
an ethynyl spacer, which provides stability and rigidity to the
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molecular backbone (Schemes S1 and S2). The ethynyl linkage will
also enhance p-delocalization in the system and optimize mole-
cular planarity, which, conversely, facilitates tight, effective inter-
molecular stacking for efficient charge carrier transport.34 The
versatile nature of using organic compounds has been leveraged
by utilizing phenanthrene-9,10-dione as a common precursor for
synthesizing electron-donating and electron-accepting molecules.
The strategic approach of using common precursors highlights
the inherent tunability of organic compounds, allowing for sys-
tematic exploration of their electronic properties. 2,7-Diiodo-
phenanthrene-9,10-dione and 2-iodophenanthrene-9,10-dione
have been synthesized from phenanthrene-9,10-dione according
to the reported literature synthetic procedure, with slight modi-
fications.18 Furthermore, the iodinated compounds have been
reduced with Na2S2O4 followed by hexylation using a phase
transfer catalyst, Bu4NBr, in a 1 : 1 THF and H2O mixture. Intro-
ducing the ‘‘Lewis soft’’ oxygen atom to the system enhances the
non-covalent interactions and pushes the electrons to the core
moiety. The acceptor units indoloquinoxaline and dibenzo[a,c]-
phenazine have been synthesized via a simple condensation
reaction. The development of efficient synthetic routes
enables the facile structural modification of shape-persistent
acetylene derivatives using palladium-catalyzed coupling reac-
tions. All synthesized compounds’ structures were validated
using 1H NMR, 13C NMR (Fig. S1–S11), and HR-MS spectro-
scopic techniques (Fig. S1–S15).

Photophysical properties

UV-vis absorption and emission spectra were recorded to
understand the influence of additional acceptor units on the
optical properties of the synthesized compounds. Fig. 2 illus-
trates the absorption and emission properties of the com-
pounds 1–4 in 10�5 and 10�7 M dry tetrahydrofuran (THF)
solution. Compounds substituting with the same acceptor
group exhibited a similar absorption pattern in the range of
near-UV (200 to 400 nm) owing to the delocalized p-system in
the organic small molecules. Compounds with disubstituted
acceptors 1 and 2 showed well-structured and stronger absor-
bance bands than their monosubstituted counterparts. This
can be attributed to the increased p-conjugation provided by
the additional acceptor in the system and the less twisted

geometry resulting from the acetylene spacer. Under THF solution
conditions, the synthesized compounds 1 and 3 exhibited two
distinct high-energy absorption bands in the 250–300 nm range,
attributed to their p–p* transitions.

A well-distinguished prominent peak in the 300–400 nm
absorption band range can be ascribed to the n–p* transition
arising from the heteroatoms in both the acceptor and donor
units. Dibenzo[a,c]phenazine-substituted compounds 3–4 showed
a bathochromic shift. This shift is likely due to the increasing
acceptor strength compared to indoloquinoxaline-substituted
compounds, as well as the enhanced acceptor unit modifications
on the compounds’ optical properties. The presence of the donor
indole moiety in the molecular structure of indoloquinoxaline
made it an inbuilt D–A system, decreasing its acceptor strength
and resulting in a blue shift in the absorption maxima bands.

The weak absorption bands in the 375–500 nm wavelength
range arise due to intramolecular charge transfer (ICT), result-
ing from charge transfer from the donor to the acceptor part of
the molecule. For compounds 1 and 3, a very weak absorption
band centred around 415 to 430 nm, attributed to the ICT
transition, has been observed.35,36 This type of weaker absorp-
tion band for charge transfer has also been reported in fused
donor–acceptor systems, such as thienopyrazines.35 The com-
pounds with disubstituted acceptor moieties 1–2 showed slight
bathochromic shifts due to the extended p-conjugation and
increased intramolecular acceptor strength.

The emission spectra were recorded at an excitation wave-
length lmax, determined from the absorption spectra of
the corresponding compounds. The spectra were recorded at

Fig. 1 Molecular structure of the compounds 1–4.

Fig. 2 (a) UV-vis absorption and (b) emission spectra of the compounds
1–4 in THF solution.
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a concentration of 10�7 M in a THF solution. All the com-
pounds exhibited emission maxima within the 410–472 nm
range. Compared to A–p–D–p–A structured compounds, the
D–p–A system showed a higher Stokes shift, attributed to their
increased dipole moment arising from the molecular design
(Table 1). Compound 3 showed a higher Stokes shift value
among all the compounds due to its unsymmetrical molecular
structure within the D–p–A architecture.

Electrochemical properties

Cyclic voltammetry was performed to gain a comprehensive
understanding of the electrochemical properties and energy
levels of the synthesized compounds. The cyclic voltammogram
was recorded for the synthesized compounds on a three-
electrode setup in a solution containing 0.1 mol L�1 tetrabuty-
lammonium hexafluorophosphate (TBAPF6) in 10�3 M anhy-
drous N,N-dimethylformamide, with measurements taken at a
scan rate of 100 mV s�1 (Fig. S17). The data obtained from the
CV plot have been summarized in Table 2. Ferrocene was used
as an external standard for calibrating the potential measure-
ments, assuming that the absolute energy level is 4.8 eV with
respect to the zero-vacuum level. From the onset of oxidation
potential, the HOMO energy level value has been estimated.
Furthermore, the LUMO energy level has been calculated from
the difference between the HOMO and the energy band gap.
This provides key insights into the electronic structure of the
compounds.37 All the compounds showed a sudden current
drop in the range of 1.22–1.63 eV, indicating the irreversible
oxidation process in the system. Due to more extended
p-conjugation, A–p–D–p–A exhibited higher oxidation potential
than compound 4.38

Among all the compounds, dibenzo[a,c]phenazine substi-
tuted compound 4 distinguished itself by displaying the high-
est HOMO energy level value of �5.4 eV. In contrast, the
remaining exhibited HOMO values in the range of �5.7 to
�5.8 eV, indicating a relatively narrow and smaller difference
range among them. The extended additional p-bridge and end

acceptor groups have a significant impact on the optical
bandgap. This lower bandgap further supports the enhanced
charge carrier properties in compounds 1–2. These findings
demonstrate that introducing an additional acceptor unit to the
system has a significant impact on its HOMO–LUMO energy
levels. The low-lying HOMO levels offer substantial advantages
not only for enhancing the stability of memory devices against
oxygen-induced oxidation but also for facilitating efficient hole
transfer from the ITO electrode, which is a critical process for
device operation. Thus, the relatively low HOMO levels in
compounds 1–2 are beneficial for achieving better performance
in memory device applications.

Morphological studies of thin films

The morphology and microstructure of thin films in the active
layer have a crucial influence on the overall device perfor-
mance. Thus, scanning electron microscopy (SEM) analysis
was conducted to gain a deeper understanding of the thin film
morphology of the active layers. The thin films of compounds
1–4 were prepared by depositing the compounds onto an ITO-
coated glass substrate and then thermal annealing at 80 1C for
30–40 minutes. Fig. 3 displays the SEM images of thin films
formed by the compounds 1–4. Each compound formed a
uniformly covered thin film, confirming their effective, orga-
nized molecular packing and the formation of a well-connected
network.

This uniformity ensures enhanced charge transport capabil-
ities. It is evident that compounds 1–4, which substitute the
same acceptor moieties, exhibit a dense network of fibre-like
hierarchical topology. Apparently, a layered stacking pattern is
observed for compound 2, whereas compound 4 exhibits an

Table 1 Photophysical properties of compounds 1–4

Compounds

Experimental Stokes
shift
(cm�1)

Absorption
coefficient,
e (M�1 cm�1)labs (nm) lem (nm)

1 426, 356, 291, 267 513 8596 81 360
2 360, 329, 267 494 7534 70 942
3 417, 353, 292, 266 515 8911 23 821
4 359, 332, 264 522 8698 24 810

Table 2 Electrochemical properties of compounds 1–4

C.
no.

Experimental Computational

Eox

(V)
EHOMO

(eV)
ELUMO

(eV)
Eg

(eV)
EHOMO

(eV)
ELUMO

(eV) Eg (eV)

1 1.587 �5.806 �2.597 3.209 �5.083 �1.961 3.123
2 1.638 �5.853 �2.622 3.231 �5.211 �2.424 2.998
3 1.572 �5.793 �2.433 3.360 �5.422 �1.946 3.264
4 1.224 �5.447 �2.143 3.304 �5.475 �2.315 3.159 Fig. 3 SEM images of compounds 1–4.
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assembly of overlapping flakes within each layer. High-quality
film formation facilitates seamless charge transport channels,
reduces trap-induced scattering, and stabilizes resistive states,
enhancing the endurance and retention of memory devices.

The crystallinity of thin films plays a crucial role in deter-
mining device performance. High crystallinity can facilitate
more efficient charge transport by providing well-ordered mole-
cular packing and reducing disordered orientation within
the film.

To investigate the structural order of the fabricated thin
films, X-ray diffraction (XRD) measurements were recorded
(Fig. S16). Compounds 1 and 3 displayed sharp diffraction
peaks at 11.741, 19.691, and 24.651, corresponding to d-spacings
of 7.53, 4.50, and 3.60 Å. On the other hand, compounds 2 and 4
exhibited diffraction peaks that differed from each other, indicat-
ing distinct structural arrangements. Specifically, compound 2
exhibited sharp diffraction peaks at 17.991, 19.341, 25.081, and
32.701, corresponding to d-spacings of 4.93, 4.58, 3.54, and 2.73 Å,
respectively. Multiple, sharp diffraction peaks with small
d-spacing values correspond to a highly ordered, semi-crystalline
structure and efficient molecular packing in the film.39

The crystallite sizes of all the compounds are found to be in
the range of 27 to 32 nm. The crystallite size and the d-spacing
values of the compounds are summarised in Table S1. It is to be
noted that the A–p–D–p–A structured compounds have been
observed with a slight decrement in crystallite size compared to
that of the D–p–A structured compounds. This could be due to
the well-ordered packing system by the extended p-conjugation
in the di-substituted compounds. The enhanced molecular
stacking and crystallinity are particularly significant as they
contribute to the formation of effective pathways for charge
carrier transport within the material. The thin film XRD results
further confirm the absence of significant structural defects or
irregularities in the film, which could otherwise hinder charge
transport and negatively impact device performance.

The surface of the fabricated thin film should be uniform
and make smooth interfaces to provide favourable and sus-
tained interfacial contact with the electrodes. Thus, the surface
morphology has also been analysed using the Atomic Force
Microscope (AFM) technique by coating the thin film of the
compound over a silicon substrate. The recorded AFM image of
compounds 1–4 is depicted in Fig. 5, along with the corres-
ponding height profile. The thin film surface of all the com-
pounds is found to exhibit a root mean square (RMS) roughness
value ranging from 2 to 7 nm. Compounds 2 and 4, which have
the same acceptor units, showed RMS values of 6.12 and
5.29 nm, respectively. In comparison, compounds 1 and 3, with
indoloquinoxaline as the acceptor unit, showed lower RMS
values of 2.32 and 2.78 nm, respectively.

This low RMS roughness value indicates the effective pre-
vention of Ag nanoparticle diffusion into the film. The smooth
interfaces help to maintain the film’s integrity and prevent
performance degradation caused by metallic infiltration.
Furthermore, a reduced roughness at the interface significantly
lowers the charge carrier injection barrier between electro-
des and the active layer. Consequently, the improved charge

injection, coupled with the prevention of nanoparticle diffu-
sion, collectively enhances the overall charge carrier migration
within the film, leading to improved device efficiency and
stability.

To get more insight into the thickness and homogeneity of
the thin film, FESEM cross-sectional analysis of the thin film
for representative compounds 1 and 3 was carried out (Fig. 4).
It shows well-defined and uniform coating of the active layer
over the substrate, with thickness values in the range of 200–
300 nm. The obtained thickness range is deemed beneficial for
memory device performance.

Thermal stability

To investigate the decomposition temperature and overall
thermal resilience of the synthesized compounds, thermogravi-
metric analysis (TGA) was conducted under a nitrogen atmo-
sphere. The samples were subjected to a consistent heating
rate of 20 1C min�1, allowing for precise observation of weight
changes as a function of temperature.

Although the compounds contain alkyl units, all of them
exhibited good thermal stability, with a decomposition tem-
perature (Td, 5% weight loss) of over 380 1C in a nitrogen
atmosphere (Fig. 6). This indicates their robustness under elevated
temperatures. Compared to indoloquinoxaline-substituted com-
pounds 1 and 3, dibenzo[a,c] phenazine-substituted compounds 2
and 4 showed a considerable char yield of approximately 30%.
This variation can be attributed to the increased number of alkyl
units in the acceptor units added to the system in compounds 1
and 3. The high decomposition temperature indicates the com-
pounds’ stability during the device fabrication process and exhibits
operational stability at a considerable temperature range.

Memory characteristics

The resistive switching memory behaviour of the synthesized
compounds was studied using current–voltage (I–V) measurements.

These measurements were performed on sandwich-type
devices, configured as ITO/1–4/Ag, under an applied voltage
sweep, and the findings are illustrated in Fig. 7. During the
recordings, the devices were monitored using an incrementing
voltage sweep in 0.1 V steps, where the top Ag electrode was
biased, and the bottom ITO electrode was grounded. All the
devices coated with compounds 1–4 as active layers demon-
strated clear resistive switching properties. Initially, the devices
exhibited a low conductivity (OFF) state, but a sudden and

Fig. 4 FE-SEM cross-sectional image of the thin-film coated with com-
pounds 1 and 3.
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abrupt increase in current was observed upon applying a
negative voltage sweep from 0 to �4 V (sweep 1). This serrated
transition represents the point at which the device shifts from a
low-conductivity (OFF) state to a high-conductivity (ON) state at
a defined threshold voltage, ranging from �1.02 to �1.41 V
(Table 3). This abrupt transition from a high-resistance state
(HRS) to a low-resistance state (LRS) signifies the ‘‘writing’’
operation in digital memory applications. During the second
scanning cycle, the voltage is swept from 0 to �4 V (sweep 2).
At this point, the device is in an LRS state, with the current
maintaining the stability.

This phase can be considered the ‘‘reading’’ operation for
the stored data. The device maintained its ON state during a
subsequent voltage sweep in a positive direction from 0 to 4 V
(sweep 3), corresponding to the reading process. Once the
device is turned ON, it maintains its LRS state even when the
electric field is removed. This certainly means that the switch-
ing process from HRS to LRS is not reversible even in the
absence of an electrical power supply, which signifies the non-
volatile nature of the device.

Consequently, the devices displayed stable and well-defined
non-volatile binary WORM memory behaviour, with distinct
ON/OFF current ratios ranging from 103 to 104. Compounds 1
and 2 exhibited a low threshold voltage, attributed to their
planar nature, and provided continuous, seamless charge

Fig. 5 AFM images of the compounds 1–4 with their corresponding height profile and 3D image of the surface.

Fig. 6 Thermogravimetric analysis (TGA) plot of the compounds 1–4 with
a heating rate of 20 1C min�1 under an inert atmosphere.

Fig. 7 Current–voltage (I–V) characteristics of the A–p–D–p–A-based
devices (ITO/1–2/Ag) and D–p–A-based devices (ITO/3–4/Ag).

Table 3 Memory device parameters of compounds 1–4

Compounds ON/OFF current ratioa Threshold voltagea (V)

1 103 �1.04 � 0.10
2 104 �1.02 � 0.17
3 104 �1.21 � 0.08
4 103 �1.41 � 0.06

a Calculated from the mean of 20 cells.
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transfer due to the presence of additional ethyl linkers and
acceptors. This, in turn, reduces the charge injection barrier
from the ITO to the HOMO of the system.

These findings indicate that devices featuring an A–p–D–p–A
architecture exhibit enhanced electrical switching performance
compared to their D–p–A counterparts. The incorporation of
additional acceptor units strengthens the push–pull interac-
tions within the system, thereby improving the overall memory
device characteristics.

Compounds 1 and 3 exhibited a higher ON/OFF current ratio
of 104, attributed to the favorable molecular packing and strong
D–A interaction. The larger spatial separation between the
HOMO and LUMO in the case of compound 3 reduces
the overlap between the frontier orbitals, suppresses charge
recombination, and stabilizes the charge-transfer state, thereby
enhancing the high-resistance (OFF) state. This resulted in a
higher ON/OFF ratio of 104 among all the compounds.

For commercialization, the stability and long-term use of
the fabricated device are essential. Thus, the data retention
features were investigated. The retention of the high and low
conductivity states was tracked by applying a constant stress
voltage of �0.5 V over 4000 seconds, during which no notice-
able degradation occurred (Fig. 8).

In addition to evaluating data retention characteristics,
the endurance cycle was examined to determine the number
of times that the data can be processed from the device.
Endurance cycle was assessed through repeated consecutive
read cycles, where once the device is powered on, the LRS is
continuously monitored at 1s intervals using the corresponding
threshold voltage as the read voltage (Fig. 8). One hundred read
operations were continuously carried out, revealing that the
devices could reliably toggle between HR and LR states while
maintaining consistent performance.

Only minimal, negligible distortion has been noted in the
memory window over 100 cycles, indicating the device’s stabi-
lity. This impressive retention and endurance are attributed to
the highly conjugated system and strong hole-transporting
properties of the phenanthrene unit, which enhance device
stability.11

The double logarithmic plot, log I vs. log V, was plotted and
interpreted using different conduction models to gain a more
comprehensive understanding of the underlying mechanism of
memory-switching,40 including ohmic conduction and space-
charge limited current (SCLC), as illustrated in Fig. 9. A distinct
ohmic conduction in the OFF state is observed for all the
compounds. A conduction transition is obtained when the
device is subjected to a higher voltage bias. Specifically for
compound 2, the conduction shifted from ohmic behaviour
(I p V) to a trap-filled SCLC regime characterized by Child’s
square law (I p V2), reflected by an increased slope of approxi-
mately 1.76. Interestingly, as the device transitioned to the ON
state under higher bias, the conduction mechanism reverted to
ohmic conduction, with the slope returning near 1. This observed
switching behaviour is attributed to the applied voltage exceeding
the specific threshold voltage, which is sufficient to overcome the
energy barrier. This facilitates the filling of charge traps associated
with electron-withdrawing moieties, enabling the device to transi-
tion into the ON state.41

For any fabricated device to be employed for commercial
purposes, reproducible results for a statistically significant
number of devices are essential. In this way, it has been
observed that almost all the fabricated devices exhibit resistive
switching, with slight variations in the memory window and
threshold voltage. The threshold voltage for the switching process
has varied slightly within certain ranges for 20 devices. The range
of the threshold voltage is evident in the cumulative probability
distributions shown in Fig. 10. Thus, device-to-device variability in
the switching behavior has been analyzed using 20 different
memory units and found to yield consistent results. All the cells
exhibited reliable binary WORM memory behavior with a signifi-
cant memory window varying from 103 to 105. Meanwhile, most of
the fabricated cells showed an ON/OFF current ratio of 104. This
indicates that the fabricated device can produce significant, reli-
able data suitable for WORM memory applications.

Proposed mechanism of memory behaviour

Molecular simulations were conducted to investigate the elec-
tronic properties and switching mechanisms of the compounds

Fig. 8 (a) The retention characteristics and (b) the endurance cycle test of the fabricated devices (ITO/1–4/Ag).

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

/7
/2

02
6 

9:
03

:0
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00718f


Mater. Adv. © 2025 The Author(s). Published by the Royal Society of Chemistry

under study. A series of computational simulations, including
molecular mechanics and semi-empirical methods, were used
to determine the plausible stereochemistry of the structure, as
it is an essential aspect for packing and predicting the mole-
cular electronic properties of the system, some of which are
typically non-covalent. These optimal geometrical parameters
were then used to compute the optimized structure at the DFT’s
B3LYP level of theory and time-dependent density functional
theory (TD-SCF) for spectral estimation theoretically using
Gaussian. The optimized geometry for compounds 1–4 is
shown in Fig. S19. The optimized geometry was then used as
the input geometry for density of states (DOS) calculations
using VASP (MedeA) software. However, the structures were
evaluated using solvent correction parameters such as GGA-
PBE (basis set), and the DOS graphs were subsequently
obtained (Fig. S18). Density functional theory (DFT) computa-
tions were performed using GAUSSIAN-09 software and the

6-31G (d) level of basis set theory. This approach enabled the
examination of electronic transitions and the assessment of the
compounds’ optical characteristics, offering a deeper under-
standing of their potential performance in electronic applica-
tions. A detailed quantitative study of the orbitals involved in
transition with symmetry-labelled levels is possible, but will be
beyond the scope of this article. This kind of transition has
been considered a characteristic of good charge transport.

Based on DFT calculations of the HOMO and LUMO energy
levels, compounds 1–2 exhibited comparatively elevated HOMO
values, reduced LUMO levels, and optimal band gap energies.
These FMOs are further validated by the electronic transitions
predicted through TDDFT analysis (Table S2–S4). Fig. 12 illus-
trates the summarized molecular orbital energy levels of the
compounds. Thus, all the compounds exhibited memory char-
acteristics by facilitating resistive switching behaviour sup-
ported by ICT from the HOMO, primarily located on the
central core donor moiety alkoxy-attached phenanthrene unit,
to the LUMO, which is situated on the acceptor units in the
terminal segments. Quinoxaline and phenazine units in the
acceptor units attached to the donor phenacene core serve as
effective electron-trapping centres. This configuration in the
system facilitates optimized charge separation and efficient
charge transfer from the core donor phenanthrene unit (HOMO)
to the peripheral acceptor sites (LUMO), resulting in the for-
mation of charge-transfer complexes. In compounds 2 and 4,
the molecular architecture featuring phenazine units positioned
at the terminal ends is an effective electron acceptor. At the same
time, the phenacene moiety occupies the central position, func-
tioning as a donor unit. This resulted in a significant increase in
charge density within the central phenacene unit in the HOMO
level. Following this transfer, the generated holes create conduc-
tive pathways that cause a sudden increase in current, enabling
the device to transition from an OFF state to an ON state.9,42–44

Furthermore, to analyse the switching mechanism observed
in the sandwich devices ITO/1–4/Ag, the HOMO and LUMO
energy levels of the compounds were compared against the work
functions of ITO and Ag, as depicted in Fig. 11. The comparison

Fig. 9 Double logarithmic plot and corresponding linear fitting curve of
the devices (ITO/1–4/Ag) in negative sweep.

Fig. 10 Cumulative probability distributions vs. threshold voltage Vth in
negative bias for the device ITO/1–4/Ag.

Fig. 11 Energy levels of compounds 1–4 along with the work function of
electrodes.
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revealed that the minimal energy barrier between the ITO work
function and the HOMO energy level facilitates the efficient hole
injection from ITO into the HOMO, which is energetically favour-
able, making it the preferred charge injection pathway. The charge
injection barrier analysis between the ITO and HOMO level of the
compound is compared with the charge injection barrier between
the Ag and LUMO level. From this, it can be noted that the
preferred pathway for hole injection from ITO to the HOMO
energy level is more viable than the electron injection from Ag to
the LUMO level due to the lower charge injection barrier. The latter
path is characterized by a significantly higher energy barrier,
making it less energetically favourable. Understanding these
energy relationships is crucial for optimizing the performance
and switching behavior of these devices.45,46

To gain deeper insight into the switching behavior, the
electrostatic potential (ESP) diagram was analyzed to investi-
gate the relationship between charge distribution and memory
performance (Fig. 12). The ESP visualization displays a color
gradient shift from blue to red, indicating a progressive
reduction in electron density. A persistent, mild negative red
region is observed over the alkoxy chain in the central moiety,
which can be attributed to the lone pairs of electrons on the
oxygen atoms. These electron-rich regions appear as densely
packed lobes, reflecting localized electron density. A red region
is observed in the quinoxaline and phenazine moieties, arising
from the lone pair of nitrogen atoms in the system. The blue
area in the alkyl chain in the system can serve as an open
pathway for charge carriers, facilitating their movement along
the molecular framework and providing intermolecular inter-
actions. In contrast, the electron-withdrawing quinoxaline unit
in all the molecules has been depicted in the red region. Thus,
in all cases, the terminal unit acts as the charge trap in the
presence of a quinoxaline unit.47

Conclusions

To summarize, a series of novel A–p–D–p–A and D–p–A based mole-
cules with phenacene as the donor unit, and two different terminal
acceptor subunits, indoloquinoxaline and dibenzo[a,c]phenazine,

were synthesized. This study systematically explored the influ-
ence of donor and acceptor units, with a particular focus on
the significance of the extended p–A framework and the impact
of varying acceptor strengths on the memory performance of
organic small-molecule-based non-volatile memory devices. In
particular, the relevance of the D–p–A framework and how
varying acceptor strengths affect the memory characteristics in
organic small molecule-based non-volatile memory devices were
determined. The photophysical investigations have strongly sup-
ported the findings, revealing the compounds’ ICT behavior. All
the compounds exhibited absorption maxima in the 353–360 nm
range. An irreversible anodic peak is observed between 1.2 and
1.6 V, confirming the oxidation of the donor moiety. Introducing
an additional acceptor unit in the A–p–D–p–A architecture
reduces the energy gap compared to the monosubstituted
D–p–A system. Additionally, the morphological studies of the
thin films revealed uniform coverage for all compounds, indicat-
ing their strong ability to support efficient charge carrier trans-
port. Each compound exhibited binary non-volatile WORM
memory behavior, with an ON/OFF current ratios ranging from
103 to 104, stable retention times of up to 2000 s, and consistent
endurance over 100 cycles. Notably, compounds featuring disub-
stituted acceptor units achieved the lowest threshold voltages,
approximately�1.0 V. The superior performance of the A–p–D–p–A
systems is linked to a reduced hole injection barrier and
narrower HOMO–LUMO band gaps. Molecular simulation stu-
dies further corroborate the presence of effective intramolecular
charge transfer, which is responsible for the distinct conductive
states observed in the devices. Collectively, the results highlight
the potential of phenacene-based A–p–D–p–A-architectured com-
pounds, which, upon further tuning, can serve as promising
candidates for next-generation organic resistive memory device
applications, advancing the pursuit of efficient, stable, and scal-
able non-volatile data storage devices.
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