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of Chemistry The increasing pace of computing beyond Moore's law scaling and the von Neumann bottleneck

necessitates a universal memory solution that offers high speed, low-power consumption, scalability,
and non-volatility, such as resistive switching memristors. However, inconsistencies in the homogeneity
and uniformity of surface coverage for switching materials on various electrode substrates, especially
those prepared via non-covalent methods, result in reduced interfacial stability, thus yielding poor device
reproducibility. Electrosynthesis, a reliable and versatile technique for creating covalently bound
molecular films on electrode surfaces, enables controlled deposition of large-area, high-quality
molecular thin films with nanoscale thicknesses, making it an ideal platform for scalable nanoelectronics.
This study explores the electrochemical grafting of two distinct ruthenium complexes: structurally
symmetrical [Ru(tpy-ph-NH,),]1(2PFe)] (1) and asymmetrical [Ru(tpy-ph-NH,)(naptpy)l(2PFe)] (2), for the
fabrication of large-area, two-terminal molecular junctions intended for resistive switching memory
applications. A comparative analysis reveals that 2 exhibits relatively superior memory performance to 1,
attributed to its donor—acceptor configuration playing a crucial role. Stable vertical molecular junctions
with the configuration ITO/Ru complexasnm/Al were fabricated, and electrical measurements were
carried out to understand the enhanced switching characteristics. The redox-active molecular devices
demonstrate non-volatile resistive switching behavior within a +3.0 V operation window, featuring
a large lon/logr ratio (~10%), a high power consumption ratio (SET/RESET = 25.5 mJ/75000 mJ), and
switching time (SET/RESET = 56/24 ms). Synapse-like potentiation and convolutional neural network
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DOI: 10.1035/d4sc08461f simulation were performed, highlighting the potential of these devices for in-memory data processing
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termed “memristors” - a concept introduced by Leon Chua in
1971,'%" - RRAM refers to nanoscale systems in which elec-
tronic and ionic transport are interlinked under the influence of

Introduction

The Physics and Chemistry Nobel Prizes of 2024 evidenced that

Artificial Intelligence (AI) has become an essential component
of modern civilization, impacting markets, technology, health-
care, education, and scientific research, reshaping the human-
computer interaction strategy.' Mead's idea of brain-inspired
in-memory computing® sparked the search for a new class of
devices that could meet the growing demands of technology
while overcoming the constraints of the von Neumann bottle-
neck and Dennard scaling.® Resistive random-access memories
(RRAM) have emerged as a promising candidate*® in this
context, owing to their non-volatile nature® with excellent scal-
ability and CMOS compatibility,” real-time speed, low operating
voltage, long data retention, and simple structure.*® Often
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an applied bias, resulting in hysteretic current-voltage (I-V)
behaviors."” It operates through resistive switching, allowing
the modulation of device resistance across multiple states in
response to an external bias. The compact two-terminal archi-
tecture and dense 4F” array of this technology address scal-
ability constraints,” enhancing processing speed and energy
efficiency by co-locating memory and processing functions.™ A
wide range of material choices including organic,’>**” inor-
ganic," clay materials,' biomaterials,”® and metal complexes®*
are well explored as switching materials for RRAM applications.
With their customizable molecular designs and low power
requirements, organic molecules are emerging as superior next-
generation storage technologies. They not only support multi-
level storage and synaptic functions (brain-inspired computing)
but also offer advantages over inorganic systems in terms of
versatility and efficiency. This underscores the critical role of
high-quality film fabrication in ensuring stability and extending
device lifespan.” Molecular memory systems, with tuneable
electronic properties, low production costs, mechanical flexi-
bility, high Ion/Iopr ratios, and fast response times, outperform

© 2025 The Author(s). Published by the Royal Society of Chemistry
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other organic systems.>*** Redox-active metal-based molecules
possess enriching electrochemical and photophysical proper-
ties due to metal ion-ligand interaction, allowing adaptable and
effective memory behavior with bi- or multistate functional-
ities.**”** Memory devices based on redox-active ruthenium
(Ru) metal complexes have drawn special attention recently due
to their bi-stability, redox state with a high ON-OFF current
ratio, high re-writability, solution processability, and chemically
tunable functionalities.?®' Yet, researchers continue to face
challenges in establishing stable and reliable covalent bonds
between electrodes and molecules,**?** which is crucial for
achieving high-performance memory applications. The tradi-
tional solution processing techniques like drop casting, spray
coating, chemical and physical vapor deposition, ink-jet
printing, and spin coating offer large-area deposition but are
prone to defects or non-uniformities in the active layer.**-**
Donor-acceptor metal complexes show potential for high-
density memory applications owing to their tunable electronic
properties and stable redox behavior. To realize their large-scale
integration, scalable architectures like crossbar arrays can be
employed, combined with precise electrode patterning and
uniform thin film deposition techniques such as electro-
chemical grafting. These approaches are key to achieving reli-
able performance and minimizing device variability and
crosstalk in memory arrays.

In this work, stable thin films of two different metal
complexes, [Ru(tpy-ph-NH,),](2PFs) (1) and [Ru(tpy-ph-NH,)(-
naptpy)](2PFs) (2), that contained donor-acceptor (D-A) moie-
ties were made via an electrochemical (E-Chem) deposition
method, involving in situ diazonium salt preparation. The in situ
prepared diazonium salts of Ru(u)-polypyridyl-amine complexes
were electrochemically converted into aryl radicals that were
formed near ITO working electrode surfaces and covalently
attached to the working electrode surface, forming oligomeric
films. The molecular film thickness can be controlled by varying
the electrochemical potential window and scan rates along with
the concentration of the aryl diazonium salts.**** Such an E-
Chem grafting method has been gaining popularity for
creating molecular films of different thicknesses and compo-
sitions for studying molecular electronics.***** Besides the thin
films of organic molecules, this technique is also suitable for
the growth of metal complex films.**** Metal complexes re-
ported in the literature have mostly been grafted on carbon
electrodes, including conducting graphite rods, pyrolyzed
photoresist films (PPFs), and carbon nanotubes.**** However,
ITO is considered an emerging platform for nanotechnological
advancements considering its optical transparency (~80% in
the visible region), work function closer to metals, and good
electrical conductivity that makes it an appropriate substrate for
optoelectronic studies.*® Yet, there are still few reports on E-
Chem grafting of redox-active coordination compound-based
molecular oligomeric films for advanced nanoelectronics
applications. In the present work, we focus on fabricating
vertical molecular junctions ITO/Ru(u)-polypyridyl complex/Al
for charge transport and memory functions, where molecular
layers with varied thicknesses were deposited on ITO, thanks to
the electrochemical method, which makes this possible.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Thermally deposited Al was chosen as the top electrode due to
its high conductivity, good adhesion, low cost, and compati-
bility with thermal evaporation. Its low work function supports
efficient electron injection, resulting in reliable switching
characteristics. The D-A-based asymmetric device (ITO/2/Al)
was studied in-depth for non-volatile memory performance and
compared with the molecular junction (MJ) of symmetric ITO/1/
Al to show the advantages of the D-A-based redox-active metal
complex in memory device applications. The [Ru(tpy-phNH,)(-
naptpy)](PFs), metal complex offers superior charge transfer
efficiency and enhanced stability compared to conventional
organic resistive switching materials. Its intrinsic donor-
acceptor (D-A) configuration enables reliable resistive switch-
ing, while covalent anchoring ensures the formation of robust
thin films. Additionally, it exhibits negative differential resis-
tance (NDR) for neuromorphic applications and has higher
thermal and oxidative stability, making it a potential compo-
nent for futuristic molecular memory devices. This study
explores the potential of redox-active D-A ruthenium complexes
for non-volatile memory, highlighting their effectiveness,
stability, and dependability in next-generation memory devices.

Results and discussion

To explore the potential of redox-active metal complexes with
the advantage of multiple redox states for information storage
and memory devices, we have designed and synthesized
symmetric 1 and asymmetric 2 complexes (Scheme S1t). The
structural details of both the complexes were characterized via
NMR (500 MHz, DMSO-d,) (Fig. S1-S67). In the 'H NMR (500
MHz, DMSO-dg) spectrum of complex 1, the signals appeared at
d (ppm) 6 9.26 (s, 4H), 9.02 (d, ] = 8.1 Hz, 4H), 8.18 (d, ] = 8.6 Hz,
4H), 8.09-7.91 (m, 4H), 7.47 (d, J = 4.8 Hz, 4H), 7.21 (s, 4H), 6.83
(d, J = 8.6 Hz, 4H), and 5.83 (s, 4H). In the "*C{'"H} NMR (500
MHz, DMSO-dg) spectrum of complex 1, the signals appeared at
d (ppm) 114.62, 119.43, 124.98, 128.06, 129.24, 138.32, 138.51,
152.67, 152.78, 155.31, 158.9, and 162.86. In the "H NMR (400
MHz, DMSO-dg) spectrum of complex 2, the signals appeared at
d (ppm) 6 9.61 (s, 1H), 9.54-9.43 (m, 1H), 9.38-9.33 (m, 2H),
9.17-9.07 (m, 4H), 8.73 (s, 1H), 8.64 (s, 1H), 8.56-8.38 (m, 2H),
8.26 (d, J = 8.6 Hz, 2H), 8.13-8.04 (m, 4H), 7.96-7.86 (m, 1H),
7.56 (dt,J = 11.1, 5.6 Hz, 4H), 7.28 (dd, ] = 10.3, 4.6 Hz, 4H), 7.19
(dd, J = 15.5, 7.4 Hz, 4H), 6.91 (d, J = 8.5 Hz, 2H), and 5.92 (s,
2H). In the “C{'H} NMR (500 MHz, DMSO-d,) spectrum of
complex 2, the signals appeared at d (ppm) 111.89, 114.61,
119.36, 122.86, 125.03, 125.84, 128.06, 128.73, 129.23, 129.42,
130.66, 138.34, 138.48, 147.95, 151.89, 152.51, 155.05, 155.23,
155.65, 158.62, 158.87, 175.22, and 207.33. Further, both
complexes were characterized by mass spectroscopy; the mass
spectra of complex 1 showed an isotopic pattern with the
intensity ratio range from 889.14 to 899.14 (0.13:0.059: 0.062 :
0.34:0.45:0.59:1:0.42:0.54:0.23:0.05), and the mass
spectra of complex 2 showed an isotopic pattern with the
intensity ratio range from 1055.14 to 1069.20 (0.13:0.11:0.17 :
0.12:0.07:0.32:0.46:0.59:1:0.42:0.53:0.24:0.10: 0.064 :

0.074), confirming the structure and formation of the desired

complexes 1 and 2, respectively (Fig. S71). Further
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characterization of the metal complexes using thermogravi-
metric analysis (TGA) reveals good thermal stability of 1 and 2
(Fig. S87). The sample-to-sample difference in TGA curves for
three different batches is shown in Fig. S8c.T The FT-IR spec-
trum of 1 shows an N-H stretching peak at 3226 cm ' and
a C=C stretching peak at 1598 cm ", while 2 shows two char-
acteristic stretching peaks of C=0 and N-H at 1731 cm ' and
3230 cm™ ', respectively, corresponding to the amine and
carbonyl groups of terpyridine and naptpy ligands, respectively
(Fig. S971). The UV-vis absorption spectra of 1 reveal three peaks
centered at 284.95, 378.52, and 502.46 nm, corresponding to -
7* n-m*, and metal-to-ligand charge transfer (MLCT), respec-
tively. Similarly, 2 reveals three peaks at 285.9, 308.3, and
499.1 nm, corresponding to w-m*, n-m*, and the MLCT band,
respectively (Fig. S107). Additionally, the redox properties of 1
and 2 were investigated by recording cyclic voltammograms
using 1 mM of the corresponding complex and 100 mM of
TBAPF, as a supporting electrolyte in anhydrous acetonitrile,
employing ITO as the working electrode, a Pt wire as the counter
electrode, and Ag/AgNO; as the reference electrode. 1 displays
an irreversible anodic signal at +0.73 V corresponding to the
oxidation of the -NH, group followed by a reversible anodic
peak at +1.03 V (E7}, = + 0.99 V) vs. Ag/AgNOj; corresponding to
the Ru*"** redox peak. Besides, it shows two ligand-based

0.0-(1.0)V
vs. Ag/AgNO,
—-

20 eq.

NH,

T e a4 2
Scan 1 Voltage (V) vs AgiAgNO,
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reductions occurring at —1.32 V and —1.63 V vs. Ag/AgNO;
(Fig. S11at). The redox features of 2 display one irreversible
peak at +0.69 V corresponding to the oxidation of the -NH,
group and reversible peaks at + 0.97 V (E9), = + 0.96 V) vs. Ag/
AgNOj; corresponding to Ru**/?". 1t reveals ligand-based reduc-
tions appear at —0.83/—0.19 V, the second signal at —1.11/
—1.08 V, and the third signal at —1.4/—1.38 V vs. Ag/AgNO;
(Fig. S11bt). Custom-patterned ITO electrodes (20 mm x 15
mm) were fabricated on freshly cleaned glass substrates using
shadow masks and pulsed DC magnetron sputtering and were
subsequently used for electrochemical (E-Chem) grafting
(Fig. S12%). By altering the electrochemical potential window
and the number of CV cycles, the thickness of the oligomeric
films was varied (Fig. S13 and Table S1t). A schematic repre-
sentation of the thin film preparation of compound 2 via aryl
diazonium reduction, occurring at —0.46 V vs. Ag/AgNO;, along
with the electrochemical grafting process, is shown in Fig. 1a
and b. The schematics illustrate the preparation and charac-
terization of a thin film on an ITO electrode surface via elec-
trochemical grafting with diazonium chemistry. In step (a), the
corresponding aryl diazonium salts were reduced at the elec-
trode surface, generating aryl radicals by transferring electrons
from the Fermi level (Eg) of the ITO electrode to the diazonium
salts. This reduction potential facilitates the formation of highly

23.8 nm

d=

CAleft=58.2+0.7
CA right=57.5+0.84

Fig. 1 The preparation and characterization of a thin film on an ITO electrode surface grown via an electrochemical grafting method. (a)
Corresponding aryl diazonium salts were electrochemically reduced at the ITO working electrode surface, generating aryl radicals. Such reactive
radicals form covalent bonds between molecules and ITO electrode surfaces, (b) an electrochemical grafting process was monitored by
recording cyclic voltammograms (CVs) up to 30 scans in the potential range of 0 to —1 V (vs. Ag/AgNO3), (c) contact angle measurement was
performed, by adding a drop of water (2 ulL) on blank ITO, and (d) ITO/2, to evaluate the surface wettability changes on an ITO electrode surface
before and after growing molecular films. On the blank ITO surface, an average contact angle of 89.5° was recorded, indicating a moderately
hydrophilic surface. After the ITO underwent electrochemical grafting, the contact angle decreased significantly to an average of 57.85°, showing
an increase in hydrophilicity due to the introduction of grafted molecules.
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reactive aryl radicals that covalently bind the ITO-electrode
surface, creating a stable molecule-ITO interface. This process
is advantageous for creating uniform, covalently bonded films,
enhancing the stability and conductivity of molecular junc-
tions.”>** The electrochemical reduction of Ru(i)-polypyridyl
diazonium salts was monitored via cyclic voltammetry (CV) for
1-30 scans in the potential range from 0 to —1 V (Fig. 1b).
Monitoring multiple CV scans allows for the assessment of
grafting efficiency and film growth on the surface of the ITO
working electrode. Fig. S141 presents a schematic illustration of
the film growth process for complexes 1 and 2 on the ITO
surface. The scheme depicts how the aryl diazonium moiety
reacts with other sites of the molecule, facilitating film growth
up to 27.36 nm for complex 1 and 23.8 nm for complex 2.5>%
Both ITO/1 and ITO/2 thin films were characterized by UV-vis
absorption spectroscopy and compared with solution phase
UV-vis spectroscopy. The molecular film thickness-dependent
UV-vis absorption spectra of ITO/1 and ITO/2 films show two
absorption peaks each at Ay, = 338.87, 501.32 nm and 339.2,
499.6 nm ascribed to n-t* and MLCT transitions, respectively.
Both ITO/1 and ITO/2 molecular thin films reveal an increase in
the absorbance value as film thickness increases (Fig. S157).
The DFT-optimized molecular structures of 1 and 2 were
analyzed using Mercury software (version 4.1.3), indicating
a single molecular layer thickness of 18.24 A for 1 and 24.67 A
for 2 (Fig. S161). The absorbance increased for ITO/1 (d = 5.88-
27.36 nm) by 187% (thickness from the thinnest to the thickest
molecular films) and 243% considering absorbance at A, =
338 nm and 502 nm, respectively. Based on the experimentally
derived film thickness, the number of perpendicular layers can
be estimated to be 3 and 15 for the thinnest and thickest olig-
omeric films (Fig. S17at). Similarly, the ITO/2 thin film showed
absorbance increases (d = 6.02-23.8 nm) of 134% and 154% at
Amax = 334 nm and 499 nm, respectively, with an increased
number of perpendicular molecular layers from 3 to 10
(Fig. S17bt). The electrochemical properties of thin films of
ITO/1 and ITO/2 were further characterized by recording CVs in
acetonitrile using 0.1 M TBAPF, as supporting electrolyte in
a potential window of 0-(+1.5) V at a scan rate of 50 mV s~
Molecularly grafted ITO, Pt wire, and Ag/AgNO; were used as the
working, counter, and reference electrodes, respectively. The
CVs of both thin films reveal one reversible redox peak with E;,
values of 1.01 V and 0.98 V (vs. Ag/AgNO;) ascribed to Ru®*/3* for
1 and 2 molecular films, respectively (Fig. S18a and b¥). The E; ),
values are comparable with the electrochemical data of solution
phases. The electrochemical stability of both complexes 1 and 2
was carefully examined through CV, which shows no significant
degradation or peak shift over five cycles, indicating good
electrochemical stability within the operational voltage range
(Fig. S18c and dt). The stability of the thin films 1 and 2 on the
ITO electrode was tested by subjecting the films to heating up to
180 °C, sunlight exposure for 2 hours, sonication in 5-minute
intervals for a total of 60 minutes, and extended testing over
a period ranging from 5 days to 1 month (Fig. $19-S227}). In
addition, the stability of the thin films 1 and 2 on the ITO
electrode was further tested with the help of cyclic voltammetry
by sonicating the thin film in an interval of 10 min and exposure

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to sunlight for 2 h (Fig. S231). The extraordinary stability of
molecular films unequivocally reveals that the films are cova-
lently formed, and such molecular layers are suitable for prac-
tical applications. The surface morphology of the molecular
film and molecular layer thickness were studied by Atomic
Force Microscopy (AFM) by taking line profiles at three different
positions of the samples and subtracting the thickness of the
bare ITO electrode from the sample thickness. The average
molecular film thickness was estimated and tabulated (Fig. S24,
S25 and Table S17).

The Field Emission Scanning Electron Microscopy (FE-SEM)
topography image showcases uniform thin films of 2 deposited
on ITO substrates (Fig. S26af). The scale bar indicates
a measurement of 500 nm, allowing for size comparison. The
surface appears smooth, suggesting a high-quality film growth
on the ITO surface with no significant defects or cracks. The
cross-sectional FE-SEM image shown in Fig. S26bt was used to
measure the thickness of the thin film at three different posi-
tions (T1, T2, and T3), which revealed an average thickness for
the thickest oligomeric films (Table S21). Raman spectra were
recorded for blank ITO, ITO/1, and ITO/2 thin films and are
shown in Fig. S27 and 28.f Fig. 1c, d and S29t show the contact
angle measurements where a 2 uL water droplet was placed on
a bare indium tin oxide (ITO) surface and an ITO modified
surface. The images illustrate the droplet profiles and was used
to measure the left contact angles (89.6 + 0.64 and 58.2 + 0.7,
respectively) and right contact angles (89.4 + 0.74 and 57.5 +
0.84, respectively) for each substrate. The average contact angle
values were calculated by placing the droplet in various loca-
tions across the ITO electrode to ensure consistent wettability
assessment. The comparison highlights changes in surface
hydrophilicity due to the modifications of 2. The increase in
hydrophilicity due to the introduction of grafted molecules
suggests that the surface energy of the ITO electrode was altered
by the grafting process, which likely introduced polar functional
groups, and the presence of counter anions (2PFg per Ru*" ion),
enhancing the electrode’s affinity for water. This shift in the
contact angle can be an important indicator of successful film
formation.

Theoretical studies

Gaining insight into the detailed electron energy level structure
of a molecular system is essential for understanding its elec-
trical properties. The lowest energy level available for electron
occupation and the highest energy level inhabited by electrons
in molecular systems are denoted by the LUMO (Lowest Unoc-
cupied Molecular Orbital) and HOMO (Highest Occupied
Molecular Orbital), respectively. The HOMO, which contains the
most loosely bound electrons, frequently promotes charge
transfer and chemical processes, whereas the LUMO accepts on
electrons. The band gap and HOMO/LUMO energy levels of 1
and 2 were experimentally determined by combining UV-vis
spectroscopy on oligomeric films deposited on ITO and cyclic
voltammetry (CV) measurements with respect to ferrocene
(Fig. S30 and S317). The optical band gap for the thickest olig-
omeric films was estimated to be 2.29 eV for 1 (d = 27.36 nm)

Chem. Sci., 2025, 16, 10990-11001 | 10993
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and 2.21 eV for 2 (d = 23.8 nm). Based on the ferrocene redox
peak and the first onset reduction potential of both the metal
complexes, the HOMO and LUMO energy levels were calcu-
lated.*»** For 1, the HOMO and LUMO energies are —5.82 eV
and —3.53 eV, respectively, and for 2, they are —5.53 eV and
—3.32 eV. To further validate the experimental results, the
frontier molecular orbitals of 1 and 2 were optimized using
density functional theory (DFT) calculations. 1 was optimized
with the B3LYP level 6-31G** basis set for the ligands (C, H, and
N) and the SDD basis set for Ru(u) and then studied using
Chemcraft software,”"® as shown in Fig. S32.1 Similarly, 2 was
optimized with the help of the B3LYP level 6-31G** basis set for
the ligand (C, H, N, O, and Br) and the SDD basis set for Ru(u)
metal, and further studied with the help of Chemcraft.’” As
illustrated in Fig. 2, the HOMO electron density in compound 2
is primarily concentrated around the Ru(u) center, whereas the
LUMOs are mainly localized on the naptpy group. The energy
gap between the HOMO and LUMO of 2 was found to be 3.04 eV,
which demonstrates that upon the coordination of the naptpy
ligand to the 2 complex cores, a narrowed energy gap led to
improved stabilization of the systems. The calculated energies
of the frontier orbitals of 1 and 2 are presented in Table S3.7 To
interpret the experimental UV-vis data, TD-DFT calculations
were conducted using the B3LYP functional in combination
with the 6-31G and SDD basis sets.>® The optimized geometries
of the ground state were used for TD-DFT calculations,’® under
CH;CN solvent. The experimental and theoretical UV-vis spectra
of 1 and 2 are shown in Fig. S33.1 The TD-DFT results showed
that 1 and 2 complexes exhibited a major absorbance band at
Amax = 336.5 and 349.7 nm with oscillator strengths of 0.1842
and 0.5582 and two low-intensity bands at 443.47 and
430.35 nm with oscillator strengths of 0.2742 and 0.3127,
respectively. In summary, TD-DFT results demonstrate that the
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experimentally observed absorbance bands align well with the
calculated electronic transitions. The electronic charge density
distribution was visualized by mapping the changes in the
electrostatic potential (ESP) over the total electron density.*® The
ESP plots 1 and 2 illustrate electronic potential using colour
gradients, where red denotes regions of high electron density
and blue signifies areas with low electron density (Fig. S347).
Electron density in 1 is symmetrically distributed across both
sides of the terpyridine ligand. In contrast, 2 shows a shift in
electron density towards the naptpy ligand, indicating an
asymmetric electron distribution.

X-ray photoelectron spectra

The X-ray photoelectron spectra (XPS) analysis confirmed the
chemical composition of the molecular thin film on the ITO
electrode. The full survey scans of both ITO/1 and ITO/2 thin
films are displayed in Fig. S35.1 The survey scan of ITO/1 shows
the presence of various elements, including Ru 3d, C 1s, N 1s, P
2p, and F 1s. The XPS spectra of C 1s, N 1s, and Ru 3d were
deconvoluted and fitted, as shown in Fig. S36.F The C 1s spec-
trum was deconvoluted into two peaks: a higher-intensity peak
at 284.60 eV, corresponding to C-C/C=C, and a peak at
285.33 €V, attributed to carbon bonded to an electronegative
atom (C=N). The Ru 3d peaks are masked under the C 1s
spectrum, displaying two peaks at 280.67 eV and 284.87 eV,
corresponding to Ru(u) 3ds/, and Ru(u) 3d;/, states, with a spin-
orbit coupling of 4.2 eV (Fig. S36at). The XPS spectrum of ITO/2
shows the presence of Ru 3d, C 1s, N 1s, O 1s, Br 3d, P 2p, and F
1s elements in the film.*>** The C 1s spectra were deconvoluted
into four peaks at 284.76, 285.65, 286.47, and 287.55 eV attrib-
uted to different carbon bonds. The peak with strong intensity
appearing at binding energy = 284.78 eV corresponds to the C-
C/C=C peak, while the peaks at 285.65, 286.47, and 287.55 eV,

>
= 3.04 eV
>
<)
.
o
ucj HOMO-1 —__
~ HOMO
{ -6.19 eV

Fig. 2 The energy level diagrams of the [Ru(tpy-ph)(naptpy)]** complex calculated at the B3LYP functional level using the 6-31G** and SDD
basis sets for the ruthenium complex; the data were analyzed by using Chemcraft software. The positions of the HOMO, the LUMO, and their

energy gap are shown in eV.
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i.e., higher binding energies, correspond to a carbon atom
attached to an electronegative atom like nitrogen, bromine, and
oxygen, respectively. The peaks of Ru 3d are masked under the C
1s spectrum, which displays two distinct peaks at 281.03 eV and
285.14 eV. These peaks correspond to the Ru(i) 3ds/, and Ru(x)
3ds/, states, with a spin-orbit coupling of 4.11 eV, as shown in
Fig. 37a.7 Nitrogen peaks at 400.06 and 399.51 eV reveal coor-
dinated nitrogen (N.) and N-C=O groups of the ligand
(Fig. 37b1). The XPS spectrum of O 1s reveals one peak at
532.02 eV for the presence of the C=0 bond (Fig. 37ct). In
addition, the peak at 71.87 eV corresponds to the bromine atom
bonded with the carbon confirming the presence of one Br in
the naphthalene ring (Fig. 37df). The thin film of complex 2
exhibits an estimated elemental ratio of Ru:N:Br (1:3.38:
1.06). In XPS analysis, the observed Ru:N:Br ratio deviates
from the expected stoichiometry, which might arise due to
differences in absorption cross-sections and surface sensitivity
of the elements. Ru and Br produce stronger signals due to their
higher cross-sections and surface accessibility. Nitrogen, being
lighter and possibly buried beneath heavier atoms, shows
weaker intensity.***!

Memory device analysis

This study successfully demonstrated bipolar resistive switch-
ing in ITO/2/Al molecular junctions with an active area of 0.25

> (Fig. $38-401 and 3a). Devices that consist of a 23.8 nm
molecular layer were characterized for current density-voltage
behavior using a potential sweep in a £3.0 V range, with a 1.2V

View Article Online
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s scan rate (Fig. S41f). The current density-voltage (j-V)
characteristics of the device display a sharp increase in current
at the threshold voltage, signaling a transition from a high
resistance state (HRS) to a low resistance state (LRS). In the
semi-log plot (Logj-V) for the voltage sweep from 0 to +3.0 V
(Fig. 3b), hysteresis was observed, with an abrupt rise in current
at +2.87 V occurring in 56 ms, indicating resistive switching
behavior. This transition, corresponding to the SET (Write)
process, marks the change in conductance from the OFF (low
conductance) to the ON (high conductance) state. While
sweeping back from +3.0 to —3.0 V, the high-conductance state
corresponding to the “Read” process is retained until it reaches
a negative threshold voltage (—1.79 V). The device shows an
abrupt fall in current from the LRS to the HRS at —1.79 V in 24
ms, which indicates the RESET (Erase) procedure. An Ion/Iorr
ratio ~10° is calculated from the hysteresis shown in Fig. 3b.
Energy consumption for SET and RESET processes is 25.5 m]
(0.159 mA at +2.87 V) and 75000 m] (1760 mA at —1.79 V),
respectively, yielding a RESET/SET energy consumption ratio
>10°. The device with a vertical configuration of ITO/2/Al
contains 20 RRAM MJs in a single chip with a yield of 65% (in
terms of working devices, Table S5t). The ITO/2/Al MJ-based
devices were tested in different sets of batches to ensure the
reproducibility, reliability, and stability of the memory perfor-
mance of the device. It helps assess device variability, optimize
fabrication processes, validate statistical consistency, and check
environmental effects for real-world applications (Fig. S42 and
Table S6t). The uniformity of the switching parameters for the
ITO/2/Al device was checked at four different junctions
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Fig. 3 Resistive switching characteristics of the ITO/2/Al molecular device configuration for memory applications. (a) Side view of two-terminal
MJs with vertical stacking of ITO/24_»3 gnm/Al With an active area of 0.25 mm? for memory characteristics, (b) a typical semi-log plot of current
density—voltage of the ITO/2/Al MJs showing resistive switching within a £3.0 V potential window, (c) semi-log plot of current density with
respect to time, (d) potentiation and depression measurement of the device using read-only pulses at +0.5 V following write pulses of +1.5V or

erase pulses of
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—1.5V, and (e) potentiation in biological synapses as a result of weight enhancement by repetitive excitation.
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(Fig. S437). The statistical distribution of SET and RESET volt-
ages for the ITO/2/Al device was analyzed across three batches,
comprising a total of eighteen molecular junctions (Fig. S447).
To check the scan rate-dependent memory behavior of ITO/2/Al,
the j-V curves were recorded at different scan rates, which
suggested that a higher scan rate typically shifts the SET and
RESET potentials towards higher voltage due to charge trapping
and capacitive effects. It can also broaden the hysteresis loop,
suppress intermediate states, and affect switching dynamics.
Lower scan rates allow full relaxation, leading to more stable
and efficient switching (Fig. S45t). Our devices (ITO/2/Al) show
DC endurance for up to 110 cycles with a retention time of 82 s
at a read voltage of +0.5 V, with a write pulse of +5.0 V and an
erase pulse of —3.5 V (Fig. S467). The response speed of memory
devices can be improved by optimizing key factors such as
incorporating electron-rich or -deficient groups to lower charge
transport barriers, enhancing the electrode-molecule interface
and precisely controlling film thickness and morphology
through techniques like electrochemical grafting. Nanoscale
device architectures (e.g., crossbar arrays) and tuning input
pulse parameters can further accelerate switching. We plan to
systematically investigate these strategies in future work to
enhance device performance.

The control experiment was performed with ITO/Al junctions
without any molecular layers, and it confirmed the role of 2 as
a switching material for resistive non-volatile memory applica-
tions (Fig. S47t). The device performance has been compared
with that of the fabricated ITO/1/Al device, where symmetric
molecules are used as the switching material (the correspond-
ing device performance is shown in Fig. S481). As compared to
the ITO/1/Al device, the D-A redox-active molecule-containing
(ITO/2/Al) device shows an ~10 times higher Ion/Iopr ratio.
The performance of both symmetric and asymmetric devices
was calculated and compared with the existing literature and
are shown in Tables S7 and S8.71 Fig. 3c shows the semi-log plot
of the current density with respect to time and as observed, the
device takes 56 ms to SET (HRS to LRS) and 24 ms to RESET
(LRS to HRS). Fig. 3d shows an example of the potentiation and
depression measurement in the memory switching devices.
When alternating Write and Read pulses were applied at +1.5 V
and +0.5 V at 100 ms intervals, the results showed a consistent
increase in the Read current, indicating DC potentiation effects
up to 16 cycles. This was followed by a depression measure-
ment, which shows DC depression up to 16 cycles at Erase and
Read pulses of —1.5 V and +0.5 V, respectively. Fig. 3e shows
a schematic representation of the potentiation effect in the
chemical signaling pathway of a biological synapse.®>* Poten-
tiation refers to the strengthening of synaptic transmission
between neurons, which enhances the efficiency and magnitude
of signaling. The release and capture of neurotransmitters
control the chemical signal transmission in the biological
synapse. In this process, information is mostly transferred from
one cell to its adjacent cell via receptors consisting of ion
channels. Potentiation of synaptic transmission occurs via the
following steps. First, with no communication between the two
terminals, a synapse is silent.** The arrival of an action potential

at the pre-synaptic terminal triggers the release of
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neurotransmitters from the vesicles. These released neuro-
transmitters bind to the receptors of the postsynaptic terminal,
removing the ion blockade and allowing calcium ion (Ca*")
influx.®* Thus, electrical signals are transmitted from one
neuron to the next. The ionic current in the postsynaptic cell
triggers a series of neurochemical reactions, leading to events
like the growth or removal of receptors. With repeated excitatory
signals, the number of receptors at the post-synaptic terminal
increases.®® Additionally, it may enhance vesicle fusion with the
presynaptic membrane, releasing more neurotransmitters into
the synaptic cleft.”” Hence, the synapse develops in size and
strength, resulting in the corresponding weight enhancement,
increasing the magnitude of the signaling between two termi-
nals.** The opposite phenomenon decreasing the synaptic
strength due to repeated inhabitation is called depression.

To analyze the conduction mechanism responsible for the
resistive memory behavior of the ITO/2/Al device, the j-V curves
for SET (Fig. 4a) and RESET (Fig. 4b) were plotted separately
under positive and negative bias conditions on a logarithmic
scale. These plots were subsequently fitted with linear models,
providing valuable insights into the relationship between
current and voltage behavior within the device.*® Under positive
bias (SET conditions), the device initially exhibited low charge
injection at lower voltages. However, as the applied voltage
increased, the charge injection also increased, leading to
a sharp rise in current. For the thermally produced charge
carriers, the current density (j) follows the ohmic conduction
mechanism® as expressed by

. qnopV
=120 1
J d 1)

The space charge limited current™ (Iscrc) on the other hand
can be expressed as

2
IscLc ~ Xsﬂ? (2)

where g is the charge of the carrier, n, is the free carrier density,
u is the carrier mobility, x, represents the dielectric constant of
the molecular layer, and d stands for molecular layer thickness.
The two distinct slopes were observed in the HRS under positive
bias; at a lower voltage (<0.12 V), m = 0.75 (Isc.c ~ V), which
follows the ohmic model and follows equation (i). As voltage
increases, the slope becomes m = 1.73 (Iscrc ~ VZ) and current
behavior follows equation (ii). The ohmic conduction mecha-
nism predominates at low applied bias because of thermally
generated free electrons in the molecular film; in the high-
voltage region, on the other hand, the quadratic correspon-
dence between voltage and current (Child's Law) suggests that
some electrons passed through the dielectric layers and were
trapped, resulting in space-charge-limited current (SCLC). The
observed change in resistance is caused by the traps capturing
and releasing electrons at a specific energy level.

However, in the LRS, under positive bias, with m = 1.0 (Iscrc
~ V), an ohmic conduction mechanism is followed as the
current shows linear variation with the applied bias, indicating
a conducting pathway formation.”™ As shown in Fig. 4a, at low

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Charge conduction mechanism of resistive switching memory devices. (a) Experimental and fitted log;j versus log V plot of ITO/2/Al
devices under SET conditions and (b) RESET conditions, (c) semi-log plot of the ITO/2/Al molecular junction for cycling stability up to 23 cycles,
(d) I-V data at various temperatures (293, 283, 273, 263, and 253 K), (e) temperature dependent semi-log plot of current density vs. voltage, (f)
Arrhenius plot of the HRS and LRS conductance measured in between 293 and 253 K. The activation energies (E,) for the LRS and HRS are
calculated from the slope of the linear fits for In(G/uS) vs. T (K), (g) proposed charge transport mechanism in ITO/2/Al MJ devices by the Fermi
energy level of the electrode and frontier molecular orbitals and the devices under isolated conditions (at 0 V), and (h and i) energy profile of the
devices at +3.0 V and —3.0 V. The energy landscapes shown here are with respect to the vacuum level.

voltages, the ITO/2/Al device exhibits ohmic behavior with
slopes in the LRS (m = 0.99) and HRS (m = 1.1), indicating
a linear current-voltage relationship. At higher voltages (V >
1.37 V), the device transitions to a quadratic dependence of
current on voltage (I ~ V), consistent with space-charge-limited
conduction behavior. The cycling stability of the ITO/2/Al device
was evaluated over 23 cycles, demonstrating consistent perfor-
mance, as shown in Fig. 4c. These data indicate good reliability
across repeated switching operations. In addition, the device
was tested across a range of temperatures (293, 283, 273, 263,
and 253 K) to investigate the underlying switching mechanism.
The ITO/2/Al memory device exhibited a clear trend: both SET
and RESET voltages increased with decreasing temperature,
which is characteristic of donor-acceptor-based systems due to
reduced thermal activation and slower charge transfer
dynamics. A significant decrease in OFF-state current was
observed, while the ON-state current remained relatively stable,
resulting in an enhanced ON/OFF ratio. This behavior can be
attributed to suppressed thermally activated hopping in the
OFF state (Fig. 4d and e). Furthermore, temperature-dependent

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

I-V data were utilized to estimate the activation energy (E,) by
plotting the semi-logarithm of conductance versus the inverse of
temperature.”” The ITO/2/Al memory device shows a slope of
Migs = 3859.63 & 587.98 and Mygs = 2699.18 & 444.48. The
activation energy, E, for ON and OFF states are calculated at 333
+ 51 m eV and 233 + 38 m eV, respectively (E, = slope x K,
where Kz = 8.617 x 107> eV K™ ).” These values suggest trap-
assisted switching and the presence of negative differential
resistance in the device under discussion.” Further, the
switching mechanism of ITO/2/Al M] was investigated based on
the energy profile diagram. The energy profile diagram under
isolated conditions shows the Fermi energy (Eg) levels of the ITO
(bottom) and Al (top) electrodes, along with the HOMO and
LUMO energies of molecule 2 (Fig. 4g-i). When a positive bias
ranging from 0 to +3.0 V range is applied, the Er of the bottom
electrode (ITO) shifts downward, and the Ey of the top electrode
(A]) shifts upward. At negative bias, the Er of the Al top electrode
reaches 2.78 eV as it becomes populated with electrons,
enabling electron transfer from the top electrode to the LUMO
and then to the bottom electrode. Conversely, at —3.0 V, the Eg
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of the bottom electrode becomes populated with electrons
under negative bias, resulting in electron transfer from the
bottom electrode to the LUMO and subsequently to the top
electrode.

Electrochemical impedance spectra

AC-based electrochemical impedance spectra (EIS) of the MJs
were used to analyze the frequency-dependent electrical
response of the electronic device.”>”® According to the principle
of EIS, the impedance of a pure resistor is a frequency-
independent device, which holds Z,,, = R, with a phase angle
of 0° with respect to the AC amplitude. For an ideal capacitor
(X¢ = 1/jwCPE) (where j = /-1, and CPE stands for constant
phase element), the phase angle is shifted by 90°. EIS reveals the
real components of the molecular junction, such as contact
resistance (R¢), constant phase element (CPE), and resistive
nature of the molecular junction (Ry;). We performed EIS on
a 23.8 nm thick ITO/2/Al MJ across a frequency range of 10> Hz
to 1 Hz with a fixed sinusoidal signal with an amplitude of
100 mV and varying DC voltages (0, 5, 10, 20, 50, and 100 mV)
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between the two electrodes. Both experimental and fitted data
of Nyquist (Zyeal VS. Zimag,) and Bode (Zeq vs. frequency and
phase angle vs. frequency) plots at different voltages are shown
in Fig. 5a-c, respectively. The Nyquist plot gives R. by plotting
the real part on the x-axis and the imaginary part on the y-axis.
The EIS data were fitted with the Randles circuit model using
Metrohm electrochemical analyst software, where Ry, Rc, and
CPE components correspond to the molecular layer resistance,
contact resistance, and capacitance element of the M]. The
equivalent circuit model comprises an uncompensated resis-
tance (Rc = 103 Q) in series with a parallel combination of two
constant phase elements (CPEs) and resistors. The model shows
a good fit to the experimental data, with a Kramers-Kronig-
derived goodness-of-fit value of 4.3 x 10™% at 0 mV. The EIS
measurements were performed under varying DC bias voltages
(0, 5, 10, 20, 50, and 100 mV), with the corresponding fitting
results presented in Fig. 5a-c and Table S9f. The Bode plot
allows us to comprehend both the real impedance and the
phase angle as a function of frequency. For example, the data
indicate that the junction exhibits resistive behavior at lower

-2 4 o 1 ca )
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° Omv Post-synaptic
. 60 {—— Fitted data neuron
o e 5mV |
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Fig.5 EIS measurements for the ITO/2/Al MJ in the frequency range from 10° Hz to 1 Hz at an AC amplitude of 100 mV and varying DC voltages
of 0, 5, 10, 20, 50, and 100 mV applied between the bottom and top electrodes. (a) Nyquist plot with Randles's equivalent circuit model used for
data fitting. The EIS data illustrate the frequency-dependent response of the CPE and the resistance of the MJ (inset), (b and c) Bode plot, and (d)

electrical model of a synapse (left) in terms of membrane resistance (R,

with the Randles's equivalent circuit model of the ITO/2/Al MJ (right).
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frequencies, while at higher frequencies, it demonstrates
a capacitive response.

Fig. 5d (left) shows an equivalent electrical model of
a chemical synapse, where R, is the membrane resistance, Cy,
is the membrane capacitance, and Ry, is the synaptic resis-
tance.”” Typically, Ry, is taken as 3.3 kQ cm” and C, is as 1 pF
cm ? with an average synaptic width of 0.2 pm.” Ry, changes
with the amplitude and frequency of the action potential.®* With
heightened/frequent excitatory input, Ry, decreases, increasing
the conductance (i.e., weight) of the synapse. As a result, the
post-synaptic current increases. For low amplitude and delayed
excitation, the Ry, increases, decreasing the synaptic weight.
The equivalent circuit model of the ITO/2/Al M] is shown on the
right for the sake of comparison.

Convolutional neural network simulation

We have utilized the proposed device as a synaptic element
representing the weights for ex situ training of a Convolutional
Neural Network (CNN). A linear mapping was established
between the model weights [Wiin, Wiax| and the experimentally
measured conductances [Gmin, Gmax] for the proposed device.
The potentiation and depression characteristics of the device
shown in Fig. 6, represented as discrete increasing and
decreasing conductance states, respectively, were used to define
the allowed conductance states of the trainable parameters.
Training was performed using categorical cross-entropy loss. In
each epoch, the forward pass computed the prediction and loss
(L), and backpropagation yielded the gradient with respect to
each trainable parameter. Conductance updates were per-
formed according to both the sign and magnitude of the
gradient. The trained CNN based on the proposed device
implementing synaptic weights was evaluated on the MNIST
handwritten digit classification task.””®* The MNIST dataset
consists of 28 x 28 pixel images of handwritten digits with 60
000 training images and 10 000 test images. The CNN based on
the proposed device as the synaptic element achieved a test
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Fig.6 Testaccuracy as a function of batches trained for the proposed
synapse-based training method (red) and the floating-point software

baseline (gray). The comparable convergence profiles demonstrate
the robustness of our method.
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accuracy of 98.18%, exhibiting minor degradation compared to
the ideal floating-point software baseline, which attained an
accuracy of 99.01%, as shown in Fig. 6.

Conclusions

Resistive switching offers a promising solution to the von
Neumann bottleneck and Moore's law limitations in traditional
digital computing. Arranged in a crossbar array, it leverages
history-dependent conductance to store data and performs
vector-matrix operations, with Kirchhoff's and Ohm's laws
enabling summation and multiplication.! This architecture
supports synapse-like plasticity and in-memory computing,**
offering a pathway toward more efficient data processing.
Transition-metal complexes outperform their oxide counter-
parts as switching materials in this architecture offering bi- or
multi-stable resistive states® due to their highly tuneable elec-
trical properties, driven by the interplay between metal ions and
ligands. However, achieving uniform and homogeneous
switching layers on the nanoscale remains a challenge.*® Elec-
trosynthesis offers a cost-effective, scalable method for direct
synthesis of thin, crack-free films,* allowing precise control
over reagent activity by adjusting the electrode potential,
making it ideal for synthesizing new complexes on a large scale
with low cost.®

Thus, electrochemical grafting of metal complexes is
a promising pathway for developing high-performance, nano-
scale memory devices. The fabricated molecular junctions
exhibit stable non-volatile resistive switching with a high Ion/
Iopr ratio, low power consumption, and good cyclic endurance,
all within a compact operational potential window. Harnessing
the synaptic behavior of these systems reveals their potential in
neuromorphic technology. These concepts underscore the
effectiveness of using electrosynthesized metal complexes to
overcome key limitations in device yield and stability,
advancing the feasibility of commercial device fabrication
beyond the scaling limits of conventional technology.
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