Downloaded viaTOMAS BATA UNIV IN ZLIN on April 23, 2026 at 16:25:19 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEJAPPLIED
ELECTRONIC MATERIALS

pubs.acs.org/acsaelm

Toward a Hardware Spiking Neural Network: Learning and
Adaptation with an Environmental Sustainable Polymer Memristor

Stephen H. Foulger,* Yuriy Bandera, Travis Wanless, Igor Luzinov, Olivia Cobb, Michael G. Sehorn,

Lubomir Kostal, Jifi Pfleger, and Jarmila Vilcakové

Cite This: https://doi.org/10.1021/acsaelm.6c00615

I: I Read Online

ACCESS |

lihl Metrics & More

| Article Recommendations

ABSTRACT: A hybrid conjugated polymer is presented that supports
spike-timing-dependent plasticity (STDP) for neuromorphic computing
devices while enabling environmental sustainability through biodegrad-
ability. The polymer, distinguished by its carbazole backbone and 105
electrically responsive pendant carbazole groups, forms a two-terminal
device that exhibits analog STDP behavior. Demonstrations focus on
fundamental switching characteristics using individual devices, offering
insights relevant to temporal learning tasks such as speech and image
recognition. The energy cost per programming event is 60 nJ. o
Biodegradation is demonstrated using Pseudomonas resinovorans CA10
lysate, supporting reduced electronic waste. This work introduces a 10
sustainable soft-matter platform for synaptic device development.
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B INTRODUCTION

A hardware spiking neural network (SNN) is a type of
neuromorphic computing system designed to simulate bio-
logical neural networks." Unlike classical von Neumann
architectures, which rely on sequential instruction execution,
SNNs perform computations through the parallel processing of
spikes, discrete events representing the activation of individual
neurons. Hardware SNNs typically consist of multiple
processing units, each emulating one or more neurons and
synapses.” These units interconnect to form a network capable
of executing complex computations via the interactions of
individual neurons and synapses.

Artificial neurons generate spike signals when the input from
synapses exceeds a specific threshold. A threshold function
evaluates whether sufficient signals have accumulated,
mirroring the firing process of biological neurons. Similar to
their biological counterparts, most artificial neurons receive
current inputs from preceding synapses and produce voltage
outputs to subsequent synapses in the form of spikes.

Artificial synapses are engineered to emulate the function of
biological synapses, specialized junctions facilitating commu-
nication between neurons. Their primary role is to store the
strength of connections between artificial neurons and
modulate these connections through mechanisms analogous
to synaptic plasticity observed in biological systems, such as
Hebbian learning or spike-timing-dependent plasticity
(STDP).? Notable examples include IBM’s TrueNorth* and
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Intel’s Loihi,> both of which are event-driven neuromorphic
chips utilizing simulated STDP.

In neuromorphic engineering, artificial synapses are crucial
for developing architectures that emulate the complexities of
biological neural networks. Current research aims to create
artificial synapses that are energy-efficient, scalable, and
biologically realistic.”” Two-terminal memristors have become
pivotal components in artificial synapses due to their low
power consumption, high packing density, and ability to mimic
synaptic plasticity. Their architecture, featuring an input and an
output terminal, is particularly well-suited for replicating the
core functionalities of biological synapses.”

Organic and polymeric memristors, among two-terminal
memristors, have attracted significant research interest because
of their compatibility with mass production techniques such as
printing and their adaptability to flexible and nonconformal
substrates.”” Most efforts to create two-terminal polymeric
memristors have adopted a one-dimensional percolation
approach, transitioning an insulating polymer or composite
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to a conductive state by dynamically generating a second
conductive phase until a percolation threshold is crossed.'’
However, this insulator-to-conductor transition often results in
a binary, abrupt switch between states, requiring relatively high
voltage pulses and corresponding energy consumption. This
limitation suggests the need for further exploration to meet the
energy efficiency requirements for practical applications.

To achieve energy-eflicient synaptic modulation, investigat-
ing memristors that offer an analog response with a broad
spectrum of resistive states is a viable approach. Operating in
such an analog regime allows conductivity to be smoothly
modified across orders of magnitude through subtle adjust-
ments in the percolation network, particularly in the
postpercolation region where scaling relationships are main-
tained."'

To realize this objective, we introduce a novel hybrid
conjugated polymer endowed with pendant heterocyclic rings,
specifically, a copolymer that incorporates a conjugated
backbone alongside pendant carbazole moieties. The unique
architecture of this polymer, combining a conductive backbone
with electroactive ligands, provides dual, synergistic pathways
to establish the percolation network.>™"*

By leveraging these two independent but complementary
routes, we can finely control the percolation network, achieving
a wider range of resistive states through low-energy
modifications. This innovation not only paves the way for
more energy-efficient artificial synapses but also opens new
avenues for utilizing advanced polymeric materials in neuro-
morphic applications. The structure of the repeat unit of the
polymer used in this study is presented in Figure 1, obtained

Figure 1. Polymer repeat unit (pB6CC) composed of piperidinium
3,3’-(1,4-phenylenebis(oxy) )bis(propane-1-sulfonate) and 9-[6-(9-
carbazolyl) hexyl]-3,6-diethynylcarbazole.

by a Sonogashira coupling reaction between sodium 3,3"-((2,5-
diiodo-1,4-phenylene)bis(oxy) )bis(propane-1-sulfonate) and
9-(6-(9H-carbazol-9-yl)hexyl)-3,6-diethynyl-9H-carbazole, and
is referred to as pB6CC.b’16 This dual mechanism benefits
from the intrinsic charge transport properties of the conjugated
backbone and the electroactivity of the pendant carbazole
groups.

In existing literature, both nonconjugated'’ ™' and con-
jugated””™*> polymers have utilized pendant carbazole
moieties that are sensitive to external electric fields, resulting
in memristors with bistable switching behavior. In our system,

the baseline conductivity is established through the conjugated
phenyl/carbazole backbone, forming a static percolating
network that serves as the primary charge transport channel.
Meanwhile, the electroactive pendant carbazole moieties,
covalently attached to the backbone, provide a dynamic
percolation mechanism. These carbazole units can undergo
conformational rearrangements to create additional conductive
pathways.

The dynamism introduced by this second percolation
mechanism, facilitated by the carbazole groups, modulates
the redundancy within the overall percolation network,
resulting in a broad spectrum of resistive states. This allows
for more nuanced control of electrical properties.'* Therefore,
our system uniquely integrates two independent yet synergistic
pathways to achieve a continuum of resistive states, promising
applications that require low-energy, analog switching
behavior.

Additionally, the incorporation of carbazole into this
synthetic polymer was carefully selected to optimize both
charge transport characteristics and to serve as a substrate for
Pseudomonas resinovorans CA10. The unique inclusion of
carbazole not only enhances electrical conductivity and
facilitates efficient charge transport, critical for high-perform-
ance memristive operations, but also provides specific binding
sites essential for targeted enzymatic degradation. This dual
functionality makes carbazole an integral component in
achieving both superior device performance and controlled
biodegradability. Unlike previously reported biodegradable
memristors based on biomolecules, %’ nonbiodegradable
components on a biodegradable substrate,*® or water-soluble
polymers such as PVA,’" our system employs a high-
performance synthetic polymer specifically degraded by a
specialized bacterium. This targeted degradation pathway
ensures efficient and predictable polymer breakdown in the
presence of Pseudomonas resinovorans CAI10, addressing
environmental sustainability without compromising the
device’s operational integrity. Furthermore, the synthetic
nature of the polymer allows for precise molecular engineering,
enabling fine-tuning of electronic properties and degradation
rates, which is not feasible with naturally derived biomolecules.
This combination of high electrical performance, specific
biodegradation, and molecular tunability distinguishes our
memristor from existing biodegradable technologies, position-
ing it as a pioneering solution in sustainable neuromorphic
computing devices.

B RESULTS AND DISCUSSION

The memristive devices investigated in this work consist of an
ITO/pB6CC/Al structure fabricated as described in the
Experimental Section, where thin films of the pB6CC polymer
were deposited by spin coating from a 1:1 water/
tetrahydrofuran solution (10 mg/mL) onto patterned ITO
substrates, followed by thermal evaporation of the top
aluminum electrode. The morphology of the resulting polymer
films was examined using scanning electron microscopy
(SEM), as shown in Figure 2. The SEM images reveal a
continuous polymer film exhibiting a nanoscale granular
texture with no evidence of macroscopic pinholes or large
structural discontinuities. The granular morphology appears
uniform across several microns, indicating that the spin-coating
process produces a well-formed thin film on the ITO electrode.
Such nanoscale structural heterogeneity is consistent with the
formation of distributed conduction pathways that can support
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(a)

S$3400 10.0kV 4.7mm x30.0k SE

S$3400 10.0kV 4.6mm x10.0k SE

Figure 2. Scanning electron microscopy (SEM) images of the spin-
coated pB6CC thin film used in the ITO/pB6CC/Al devices. (a)
High-magnification SEM image (30,000%) showing nanoscale
granular morphology with a 1 ym scale bar. (b) Lower-magnification
SEM image (10,000X) demonstrating uniform film coverage across
several microns (S pm scale bar).

the stochastic switching behavior observed in the memristive
devices.

Current—Voltage Characteristics

Memristors inherently exhibit a current—voltage (I-V)
relationship dependent on their previous voltage history,
making it challenging to determine their baseline direct current
(dc) conductivity. Many memristive systems in scientific
literature display constantly changing dc I-V curves when the
dc voltage is varied within a specific voltage range.”” An “ideal”
memristor, which is never in equilibrium with its source,
typically does not exhibit a consistent dc -V curve*>**
Consequently, Figure 3 demonstrates the dc I-V curve for a
pB6CC device with sequential voltage variations from 0 to + 3
V. While the response does not display a classical memory
window as seen in binary resistive switching devices, it exhibits
analog, history-dependent modulation of current, a hallmark of
devices operating in the stochastic regime relevant for synaptic
emulation. This form of analog switching is expected for
devices intended for spike-timing-dependent plasticity (STDP)
and other neuromorphic learning rules, rather than for
nonvolatile digital memory. The observed variability is
consistent with prior work on soft-matter-based memristors
that utilize dynamically reconfigurable percolation pathways,
rather than stable filament formation, as the underlying
switching mechanism.

The pristine ITO/pB6CC/Al device was subjected to a full
cycle of voltage sweeps, consisting of four scans: from 0 V to
—3V (scan 1), =3V to 0V (scan 2), 0 V to +3 V (scan 3),
and +3 V to 0 V (scan 4). Figure 3 illustrates the results for
multiple cycles, including the first cycle (cf. Figure 3(a)),
second cycle (cf. Figure 3(b)), third cycle (cf. Figure 3(c)),
and 24th cycle (cf. Figure 3(d)). In scan 1 of the first cycle (0
V to =3 V), the current initially starts at 107 A, gradually
increasing to 107% A. At —1.2 V, the current sharply rises to 2
X 107 A, an approximately 1845-fold increase, indicating a
potential “turn-on” event. This elevated current persists
through the rest of scan 1, despite significant fluctuations,
and reaches a maximum of 1072 A at —3.0 V. Scan 2 (from —3
V to 0 V) shows a relatively smoother trace than scan 1 and
more typical of standard resistive behavior. In contrast, scans 3
and 4 (from 0 V to +3 V and +3 V to 0 V, respectively) mirror
the elevated current seen in scan 2, but with pronounced
scatter and hysteresis in the current readings. Bistable I-V
characteristics, like those observed in Figure 3(a), have been
documented for various memristive systems, each functioning
through varied mechanisms.**”

In the second cycle (cf. Figure 3(b)), the device continues to
show elevated current levels following the turn-on event in
scan 1. However, the current traces display considerable scatter
and pronounced hysteresis between the scans. This hysteretic
behavior remains evident in the third cycle (cf. Figure 3(c))
and persists across multiple cycles, as clearly observed in the
24th cycle (cf. Figure 3(d)).

The I-V behavior of the pB6CC memristor unmistakably
exhibits strong voltage-history dependence, characterized by a
sharp turn-on event, pronounced hysteresis, and the
progressive evolution of current across each cycle. In the first
scan of the first cycle (cf. Figure 3(a)), the device undergoes a
dramatic turn-on at —1.2 V, where the current increases by
over 3 orders of magnitude, signaling the onset of a highly
conductive state. This transition is not transient but persists
across subsequent scans, as evidenced in later cycles (cf. Figure
3(b,c,d)), demonstrating the device’s ability to retain and
“remember” the voltage that triggered the shift. The observed
hysteresis in the I—V curves solidifies this memory effect,
where current paths diverge significantly between forward and
reverse voltage sweeps. This indicates that the device’s
conductivity is determined not only by the current applied
voltage but also by the sequence of prior voltage exposures, a
core trait of memristive systems. As cycling continues, the
device further evolves, maintaining elevated current in later
cycles, notably in the 24th cycle (cf. Figure 3(d)). The
persistent hysteresis and scatter in the current response suggest
significant internal changes within the polymer matrix, likely
due to charge trapping, local redox changes, or structural
rearrangements induced by earlier voltage applications. These
behaviors underscore the voltage-history-dependent nature of
the polymer memristor, where interactions between internal
processes and external voltage follow the fundamental
principles of memristive behavior, with the device’s current
state being shaped by its prior voltage history.

In polymers with both main-chain and pendant carbazole
groups (cf. Figure 1), the main-chain carbazoles form a stable
percolation network, ensuring consistent charge transport.”
The pendant carbazole groups, due to their flexibility, establish
a dynamic percolation network that is activated by field-
induced conformational changes.””*' This flexibility allows
them to respond dynamically to external stimuli, facilitating
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Figure 3. Current response of the pB6CC device to sequential voltage pulses for the (a) 1st cycle, (b) 2nd cycle, (c) 3rd cycle, and (d) 24th cycle.
Scans are labeled accordingly. The device structure was ITO/pB6CC/AlL

additional charge transport. However, the well-matched
HOMO/LUMO levels between the main-chain and pendant
carbazoles play a crucial role in optimizing charge transport.
This alignment enables efficient charge transfer not only within
the separate networks but also between the main-chain and
pendant carbazole units. As a result, the pendant carbazoles

not only support charge transport within their network but also
contribute to charge movement through the main-chain
network, creating a hybrid, interconnected percolation path-

17,22,36
way.

The sharp turn-on event can be attributed to the
activation of these hybrid percolation pathways, where both
main-chain and pendant carbazoles are involved in charge
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transport. Initially, charge movement is dominated by the
main-chain pathways at low voltages. However, as the voltage
increases, the pendant carbazoles reorient, activating additional
percolation routes and leading to a significant increase in
conductivity once a threshold voltage is reached. This behavior
mirrors the field-induced ordering seen in similar carbazole-
based systems.”” The hysteresis observed in the I-V curves is
attributed to charge trapping within this hybrid percolation
network, aligning with the space-charge-limited current
(SCLC) mechanism reported in similar systems.”” Addition-
ally, the scatter in the data is likely due to variations in the
orientation and mobility of both main-chain and pendant
carbazole groups under the applied electric field, which affects
the overall efficiency of charge transport.

To further establish the reproducibility of this voltage-
history-dependent behavior, Figure 4 presents the first four
cycle I-V scans for five representative ITO/pB6CC/Al
devices, each fabricated independently under identical
conditions. While the precise voltage at which the turn-on
event occurs varies between devices, occurring during either
the first or second scan of the first cycle, this turn-on event was
observed universally across all 14 devices fabricated in this
study. Following this turn-on event, a consistent behavioral
trend emerges across all devices: the I—V response undergoes a
progressive evolution with each subsequent cycle, reflecting the
ongoing charge trapping, local redox changes, and structural
rearrangements within the polymer matrix induced by repeated
voltage stimulus. Nonetheless, a persistent component of
hysteresis between the outward voltage sweep and its return, as
clearly illustrated in Figure 3, remains a characteristic feature of
the device response across all cycles and all devices, consistent
with the space-charge-limited current mechanism discussed
above. This cycle-dependent evolution, from an initially
stochastic turn-on event toward a more reproducible but
persistently hysteretic analog response, is an intrinsic property
of the pB6CC material system and was observed across the full
ensemble of 14 independently fabricated devices. This
reproducibility provides statistical confidence in the volatile,
analog switching mechanism that underpins the STDP
behavior demonstrated in this work.

To decouple the I-V response of a pB6CC device from its
voltage history, Figure S presents the DC I-V characteristics
obtained by applying 10,000 random 180 ms square-wave
voltage pulses to a pristine ITO/pB6CC/Al device with no
prior voltage exposure. Each pulse amplitude was randomly
drawn from a uniform distribution spanning + 3 V and applied
to the aluminum electrode while the ITO contact was
grounded. This approach yields a comprehensive mapping of
the device’s instantaneous current response across the entire
voltage range, effectively eliminating memory effects from
sequential biasing. The resulting current spans approximately 4
orders of magnitude, from 10™° A to 10™* A, within the + 3 V
window.

For comparison, Figure S also presents the response of a
standard 100 k€2 resistor subjected to the same randomized
excitation sequence. As expected for an Ohmic system, the
resistor exhibits a linear and history-independent -V trace.
Additionally, a structurally related control polymer device
(pBC) is shown, which retains the conjugated backbone and
ionic side chains of pB6CC but lacks the pendant carbazole
group; the structure is presented in Figure 18. This
modification replaces the alkyl linker and heteroaromatic
substituent with a hydrogen atom, effectively removing the
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Figure 4. First four cycle I-V scans for five independently fabricated
ITO/pB6CC/Al devices (a—e) showing cycle-dependent hysteretic
analog switching behavior.

electron-donating and charge delocalization pathways provided
by the pendant unit. As a result, the pBC device supports
significantly lower current levels, with the measured response
reduced by over 2 orders of magnitude across the voltage
window compared to the pB6CC device.

The randomized I-V curve for the pB6CC device shows
significant variability in current response at a given voltage. For
instance, at — 0.05 V, the current ranges from 2.41 nA to 1.18
UA, reflecting a 489-fold difference. In contrast, at 2.95 V, the
range is narrower, with current values between 76.3 pA and
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The repeat unit of pB6CC consists of a conjugated carbazole-based backbone with pendant 9-(6-carbazolyl)hexyl substituents and piperidinium
sulfonate side chains for ionic solubility. In the pBC variant, the pendant carbazole is removed: the alkyl linker and heteroaromatic unit are replaced

with a single hydrogen atom, resulting in a backbone-only system.

249 pA, resulting in a spread of 173 uA. This variability
demonstrates the device’s differing responses to identical
voltage inputs in the randomized protocol. Such broad
distributions are in sharp contrast to the more consistent
current response seen in the sequential I-V curve, despite the
presence of a turn-on event and hysteresis. The sequential
curve shows that the current is heavily influenced by previous
voltage exposure. The random I-V curve, on the other hand,
highlights the inherent variability in the device’s response
without strong voltage history effects.

To quantitatively characterize the volatile nature of the
pB6CC memristive device, retention measurements were
performed on five independently fabricated ITO/pB6CC/Al
devices. Each device was first characterized under open-circuit
conditions to establish a prepulse baseline conductance,
followed by a programming pulse of —2.0 V applied for 10 s,
and subsequently monitored under open-circuit conditions for
approximately 600 s postpulse. The results, presented in Figure
6(a) (sample sl - sample sS), reveal that the programming
pulse elevates the device conductance by 10°—10° times above
the prepulse baseline, reflecting the stochastic nature of the
percolation networks established across independently fab-
ricated devices. Upon removal of the programming field, the
conductance decays monotonically in the direction of the
prepulse baseline in all devices, confirming the volatile
character of the programmed state. The postpulse decay (cf.
Figure 6(b)) follows a power law of the form I/Iine = At
with an exponent a = 1.42 + 0.14 (n = 5, R* > 0.979 for all
devices). The consistency of a across devices, despite the
order-of-magnitude variation in absolute conductance arising
from device-to-device differences in film morphology and

percolation network topology, which give rise to the
probabilistic variation in absolute conductance levels observed
across the ensemble, demonstrates that the relaxation
dynamics are governed by an intrinsic property of the
pB6CC material system rather than by the specific conductive
pathways established in any individual device. This power law
decay is characteristic of dispersive charge transport in
disordered polymer systems, where a broad distribution of
trap release times within the carbazole-based percolation
network governs the relaxation of both the trapped charge and
the associated field-induced conformational states of the
pendant carbazole moieties following removal of the
programming field. The volatile behavior demonstrated here
is not a limitation of the device but rather a defining feature of
its intended neuromorphic function, wherein transient synaptic
weight modulation, rather than permanent state retention, is
the operative mechanism underlying the STDP response
presented in a subsequent section.

Inspection of the alignment of the experimentally derived
energy levels in the pB6CC device helps illustrate its ability to
alter conductivity with voltage pulses. The ITO/pB6CC/Al
energy levels, shown in Figure 7, were estimated from UV—vis
spectroscopy and cyclic voltammetry, and are used here for
qualitative alignment with electrode work functions to explain
the observed transport asymmetry and p-type behavior.

For the pB6CC material, Figure 7 indicates that a Schottky
barrier forms at the Al/LUMO interface due to the energy gap
between the LUMO level (—2.3 eV) and the aluminum
electrode’s work function (—4.3 eV). Simultaneously, the
alignment of the HOMO energy level (—5.1 eV) with the ITO
electrode’s work function (—4.8 eV) makes ITO a suitable
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Figure 6. Volatile retention characteristics of ITO/pB6CC/Al devices following a —2.0 V, 10 s programming pulse. (a) Normalized current
response (I/Iine) s @ function of time relative to the end of the programming pulse for five independently fabricated devices (sample s1—sample
$S). Gray symbols denote the prepulse baseline, red symbols, the under-field current during the programming pulse, and colored symbols, the
postpulse decay. The dashed horizontal line indicates the normalized baseline mean. (b) Log—log representation of the postpulse decay overlaid

with power law fits (I/Ip,geime = At™% dashed lines).

choice for a hole-injecting electrode (cf. Figure 7a).>”** The
turn-on event, observed at —1.2 V during the sequential
voltage ramp, is consistent with holes being injected from the
ITO into the HOMO level, corroborating the energy
alignment discussed earlier. For estimating the LUMO values,
the difference between the measured oxidation potential
(associated with the HOMO) and the 2.87 €V energy, found
at the UV—visible electronic absorption band edge, was
utilized."*

Spike-Timing-Dependent Plasticity (STDP)

In biological neural networks, spike-timing-dependent plasti-
city (STDP) serves as an essential mechanism for adaptively
adjusting synaptic weights in response to various stimuli,
including sensory experiences.39 STDP has been observed
across various regions of the brain, in different animal species,
and is considered fundamental to a broad array of cognitive

functions such as learning, memory, and attention.”® Among
specific functional consequences theoretically analyzed in the
literature are the latency reduction (learning to increase
synaptic weight of input neurons that fire early with respect to
stimulus onset’"), learning temporal spike patterns*” or spatial
maps.*’ The dependence of STDP on precise spike timing (on
the millisecond scale) allows for tasks such as sound source
localization in the auditory pathway,** which would be
impossible in rate-based learning models.*> STDP strengthens
synapses when a presynaptic sgike precedes a postsynaptic one
and weakens them otherwise."**

In artificial intelligence, STDP plays a pivotal role in spiking
neural networks (SNNGs), setting them apart from traditional
artificial neural networks (ANNs) by encoding information
through the precise timing of spikes, adding a critical temporal
dimension. This, combined with STDP, enhances learning and
adaptability while potentially reducing energy consumption
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Figure 7. Schematic of charge flow with the ITO electrode tied to the
ground and with (a) a negative potential or (b) a positive potential
applied to the Al electrode. Electronic characteristics of pB6CC are
derived from UV—vis spectroscopy and cyclic voltammetry. Based on
the alignment of the HOMO level (—S5.1 eV) with the ITO work
function (—4.8 eV), hole injection is energetically favorable, indicating
that pB6CC behaves predominantly as a p-type semiconductor. The
LUMO level lies above the Al work function, consistent with
suppressed electron injection. All energies are expressed in eV and are
relative to the vacuum level.

compared to ANNs. As a result, SNNs show increased
efficiency in tasks such as image and speech recognition.*®
STDP has been extensively explored in various memristive
systems.””> Here, our goal is not to implement a full SNN or
simulate network-level spike encoding, but rather to demon-
strate a synaptic-level learning rule that is foundational to such
architectures. Figure 8 illustrates this behavior.

Figure 8a illustrates the STDP current response of an
pB6CC device. The experiment consisted of 3000 timing shifts
(At,) between the presynaptic and postsynaptic electrodes,
uniformly distributed within the range of IAt,| < 4 s. Each spike
pair consisted of two square-wave pulses at —500 mV with a
duration of 60 ms, applied with randomly selected timing
separations (At,). After the spike pair, a square-wave
measurement pulse of —50 mV with a duration of 60 ms
was applied after a delay of 100 ms to evaluate the device’s
conductivity state by measuring the resulting current. No reset
pulse was applied, as the intent was to observe the natural
evolution of the device’s synaptic weights over time without
interruption from a reset mechanism. Additionally, the use of
randomized timing shifts (At,) is expected to reduce the net
accumulation of synaptic weights, as the random nature of the
timing offsets prevents consistent potentiation or depression.
The device was allowed to rest for 1 s before the application of
the next pulse pair. The average current of 2.5 nA and its
standard deviation of 0.2 nA are depicted by the solid and
dashed red lines, respectively. Prior to acquiring the data
shown in Figure 8a, the device was initialized by applying a —2
V pulse for 1 s to activate it. Details of the turn-on event are
provided in the sequential [-V study presented in Figure 3(a).
In this study, the aluminum electrode functions as the

postsynaptic neuron, while the ITO electrode serves as the
presynaptic neuron. The magnitude of the electrical current
corresponds to the “synaptic weight” of the connection
between these electrodes. As illustrated in Figure 8a, when a
presynaptic spike precedes a postsynaptic spike, there is an
increase in synaptic strength, a phenomenon known as Long-
Term Potentiation (LTP). Conversely, if a presynaptic spike
follows a postsynaptic spike, the synaptic strength decreases, a
process termed Long-Term Depression (LTD).

Conversely, Figure 8b depicts the STDP behavior of a device
composed of ITO/poly(methyl methacrylate) (PMMA)/Al
layers. PMMA, when used in such a sandwich configuration,
has not been shown to manifest memristive characteristics.
Consequently, the device does not display LTP or LTD in its
STDP response. For this particular device, the observed
currents had an average magnitude of 5.2 nA, with a standard
deviation extending across 3 orders of magnitude. This wide
variation in current is indicative of the electrically insulative
nature of PMMA.

STDP is a prevalent method for adjusting synaptic weights
in SNNs. According to the STDP rule, the strength of a
synapse is either potentiated or depressed when a presynaptic
neuron’s spike arrives at a postsynaptic neuron shortly before
or after the latter generates a spike, respectively. This
modulation in synaptic strength serves as a mechanism for
updating the weight function associated with the synapse in
question. Specifically, the weight function can be refined based
on the magnitude and directionality of the change in synaptic
strength, with the objective of optimizing the SNN’s
performance for a given task. STDP-driven weight alterations
are particularly advantageous for tasks that require the learning
of complex temporal patterns.

Figure 9 provides a schematic representation of the weight
adjustment procedure in an ITO/pB6CC/Al device within the
context of a SNN. The methodology for weight modification
can differ depending on the specific SNN implementation, but
for the current case, weight changes for causal and anticausal
spikes are treated distinctly. Causal spikes refer to scenarios
where a spike from the presynaptic neuron precedes that of the
postsynaptic neuron. Conversely, anticausal spikes occur when
a spike from the postsynaptic neuron arrives before that of the
presynaptic neuron. By segregating these two types of spike
interactions, the weight adjustment process can be more finely
tailored to the unique temporal dynamics present within the
network.

In this scenario, the spike-timing dependence is assessed
using a standard spike pair (SP) with a time difference At
between the pre- and postsynaptic neurons (agp). As shown in
Figure 9, the causal spike pair weight update a_ is accumulated
as a. = da. + agp. Similarly, if At; < 0, the anticausal spike pair
weight update would also be accumulated.

The accumulated spike-timing dependence can be utilized in
weight updates and reset to zero if either spike pair weight
update crosses the threshold ay, (for instance, a. > ag,). In this
case, the reduced symmetric nearest-neighbor spike pairing
scheme is implemented instead of considering all past and
future spikes; only the most recent and subsequent spike at
both synapse terminals are taken into consideration.

To replicate LTP, Figure 10 presents the STDP response of
an ITO/pB6CC/Al device, where the timing intervals (At,)
between the pre- and postsynaptic electrodes were generated
from a normal distribution. Importantly, the distribution’s
mean (u,,) and standard deviation (o,,) were arbitrarily
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Figure 9. Schematic drawing shows hardware synapses updating
weights through a STDP response. The spike-timing-dependence
between the pre- and postsynaptic neuron is (a) measured using one
standard spike pair with At and (b) accumulated to 4, in the case of a
causal spike pair, while the anticausal spike pair’s a, contribution is not
affected.

chosen to be 200 and 300 ms, respectively, to showcase the
positive weighting response. Figure 10 presents the mean
current response of 2.1 nA and its standard deviation (SD: 0.5
nA), illustrated with solid and dashed red lines, respectively.
Because the device operates in a volatile STDP mode without a
retention mechanism or permanent weight storage, long-term
retention is not the objective of this work.

The readout pulse, with an average current response of 2.1
nA at —50 mV, required 0.105 nW of power and consumed 6.3
pJ of energy. The programming pulse, exhibiting an average
current response of 1 A when applying a —500 mV spike over
60 ms, required 500 nW per pulse. With two such pulses, the
total power requirement for the programming phase was 1 yW,
and the total energy consumption was 60 nJ. For a complete
programming instance, the total power consumption was
approximately 1 #W, and the total energy consumption
reached 60 nJ. This energy requirement aligns with state-of-
the-art memristive systems, which aim to minimize energy
consumption while maintaining effective neuromorphic
functionality. Recent memristor systems operate under similar
low-energy conditions, showcasing memristors with energy
consumgtion values in the tens of nanojoules per oper-
ation.”"”” These systems highlight the ongoing advancements
in reducing energy demands in memristor-based neuromorphic
computing devices. While this demonstrates the device’s
effectiveness in simulating synaptic plasticity with relatively
low power and energy demands, it remains significantly less
energy efficient compared to the human brain. The human
brain consumes about 20 W of power for all its functions,
corresponding to an estimated energy consumption of
approximately 10 fJ to 100 aJ per synaptic event, or a power
consumption per synapse on the order of 10 pW to 100 fW.>

The discontinuity at At; = 0 in STDP is crucial for weight
updates because it provides a clear distinction between causal
and anticausal spike interactions. This distinction is important
for capturing the precise timing relationships between pre- and
postsynaptic neurons in the network. The probability density
distribution of the current response (cf. Figure 11) from Figure
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10 highlights the bimodal nature of the current when timing
shifts are sampled in the vicinity of At; = 200 ms and indicates
a large range of currents from under 1.0 nA to 3 nA.

This discontinuity ensures that the weights are only updated
when there is a significant and meaningful temporal relation-
ship between the spikes. Figure 12 presents the causal spike
pair weight update g, and anticausal spike pair weight update a,
for the normal distribution biased sampling of the device
presented in Figure 10. Since the normal distribution is
centered over 200 ms, the causal spike pair weight updates
more frequently than the anticausal spike pair weight update
and crosses over the reset threshold of 1 four times within the
3,000-item sampling set. In contrast, the anticausal spike pair
weight update never attains a value of —1 and ends the
sampling period with a value of —0.903.

Biodegradability Assessment

The emergence of biodegradable or bioresorbable electronics,
especially semiconductors susceptible to bacterial degradation,
marks a significant advancement in environmental sustain-
ability. Traditional CMOS semiconductors are primarily
composed of nonbiodegradable materials, thereby contributing
to the escalating problem of electronic waste. Such waste
presents not only recycling difficulties but also raises
substantial environmental issues, including the risk of landfill
accumulation and the leaching of hazardous substances. In
contrast, semiconductors capable of bacterial degradation offer
an eco-friendly alternative, substantially mitigating the volume
of electronic waste and its concomitant environmental
repercussions.54

Carbazole 1,9a-dioxygenase (CARDO) is a multicomponent
enzyme complex originating from the bacterium Pseudomonas
resinovorans CA10. This complex is known for its ability to
degrade carbazole, a heteroaromatic organic molecule that is
naturally present in coal tar and serves as a key constituent in
the repeat unit of pB6CC (cf. Figure 1).>>™>" The CARDO
complex is composed of a ferredoxin (CARDO-F, CarAc
protein), a terminal oxygenase (CARDO-O, a homotrimer of
CarAa proteins), and a ferredoxin reductase (CARDO-R, a
monomer of CarAd protein). These components work in
concert to catalyze the dioxygenation of carbazole.”® The
enzymatic action employs molecular oxygen to introduce
hydroxyl groups at the 1,9-positions of the carbazole, yielding
1,9-dihydroxy-carbazole. Subsequent metabolic steps further
cleave the aromatic ring structure into soluble, low molecular
weight compounds such as anthranilic acid, which are readily
assimilated by environmental microbes and are not considered
toxic.

In the context of pB6CC as illustrated in Figure 1, the
degradation mechanisms may target carbazole moieties that are
either pendant to the polymer backbone or directly integrated
within it, though substrates susceptible to degradation by P.
resinovorans CA10 appear to be varied and extensive.’®
Importantly, when degradation occurs at the carbazole units
situated along the polymer chain, there is a consequent
reduction in the molecular weight of the polymer. This
diminution in molecular weight facilitates material recycla-
bility, thereby advancing the sustainable management of such
polymeric materials.

Although the lysate from Pseudomonas resinovorans CA10
can be straightforwardly used for the degradation of carbazole,
a more systematic approach for scaling up semiconductor
recycling involves utilizing the specific enzymes employed by

Pseudomonas resinovorans CA10 in carbazole degradation. To
achieve this, the CARDO-O, CARDO-F, and CARDO-R
proteins, which constitute the CARDO com&)lex, were isolated,
purified, and subsequently combined.*”*® These proteins,
along with the P. resinovorans CA10 lysate, were used to digest
pB6CC.

To assess the effectiveness of degradation, pB6CC was
subjected to incubation with both the CARDO enzyme
complex and the lysate of P. resinovorans CA10, the latter
serving as a reference. Figure 13 illustrates the changes in UV/
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Figure 13. UV/vis absorbance during the polymerization of pB6CC
in DMSO (10 pug/mL); polymerization times given in inset.

vis absorbance as pB6CC evolves from its monomeric state to
a high molecular weight polymer. The absorbance at 425 nm is
employed as a robust measure for gauging the polymer’s
molecular weight. Notably, both the CARDO complex and the
cellular lysate displayed minimal absorbance at this wavelength.

Figure 14 presents the relative absorbance at 425 nm for
pB6CC when incubated with P. resinovorans CA10 lysate and
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Figure 14. Relative absorbance at 425 nm of pB6CC incubated with
P. resinovorans CA10 lysate or the reconstituted CARDO complex
composed of CARDO-O, CARDO-F, and CARDO-R proteins after 4
h at 30 °C.

the reconstituted CARDO complex. The data reveal that a 4-h
incubation at 30 °C with the lysate led to a 79% reduction in
absorbance at 425 nm, whereas the CARDO complex resulted
in a 57% reduction. Monitoring the decline in absorbance at
this specific wavelength serves as an indicator that degradation
of the carbazole units is leading to a reduced molecular weight
of the polymer. Consequently, both the CARDO complex and
the cellular lysate are effective in digesting the polymer.

To confirm the reduction in molecular weight, thermogravi-
metric analysis (TGA) was conducted and is presented in
Figure 15 and indicates a decreased mass throughout the
temperature range for the postdigested polymer variant realtive
to the predigested sample. The digestion process breaks down
the polymer’s long chains into smaller units, which significantly
lowers the molecular weight. This decrease plays a crucial role
in the more noticeable reduction in the mass of the digested

https://doi.org/10.1021/acsaelm.6c00615
ACS Appl. Electron. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsaelm.6c00615?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.6c00615?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.6c00615?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.6c00615?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.6c00615?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.6c00615?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.6c00615?fig=fig14&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.6c00615?fig=fig14&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.6c00615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

1004
g 1
= 801
R 7
o -
= -
'o -
[0} 60 4
N
© ]
% 40:
c

post-digestion
pre-digestion

T
400

T T T T
600 1000

temperature (°C)

Figure 15. Thermogravimetric analysis (TGA) illustrating the weight reduction profiles of pB6CC before and after its digestion with P. resinovorans

CA10 lysate.
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Figure 16. 9-(6-(9H-Carbazol-9-yl)hexyl)-3,6-diethynyl-9H-carbazole (3) synthesis.

polymer compared to the undigested polymer, particularly at
the initial temperature of approximately 190 °C. The digestion
into smaller, more manageable molecules makes these
fragments more volatile, leading to a greater rate of evaporation
or degradation as the temperature rises, thus accelerating the
weight loss. Furthermore, the digestion process can specifically
affect and break down the side chains or branches of the
polymer. The modification or removal of these structures not
only directly leads to a lower mass but may also change the
thermal behavior of the resulting fragments, influencing their
stability and volatility. The combination of molecular break-
down, increased volatility of the resulting smaller molecules,
and the selective degradation of side structures, results in a
more significant weight loss for the digested polymer in
comparison to the undigested form.’!

B EXPERIMENTAL SECTION

Materials and Methods

All reagents were purchased from Alfa Aesar, TCI America, and used
without further purification. All the solvents used for reactions were
distilled under argon after drying over an appropriate drying reagent.

"H NMR spectra were recorded on a JEOL ECX—300 spectrometer.
Chemical shifts for protons are reported in parts per million downfield
from tetramethylsilane and are referenced to residual protium in the
NMR solvent (CDCly: § 7.26 ppm). High resolution mass analysis
was prepared using Waters Q-ToF Premier mass spectrometer.
Absorbance spectra was collected using a PerkinElmer Lambda 900
UV—vis/NIR spectrophotometer.

Synthesis

Sodium 3,3’-((2,5-diiodo-1,4-phenylene)bis(oxy))bis(propane-1-sul-
fonate) (1) was synthesized according to the method described in the
literature.

6-(9H-Carbazol-9-yl)hexan-1-ol was synthesized as described in
our previous work.”

3,6-Diethynyl-9H-carbazole was synthesized following the method
from the literature.*>

6-(9H-Carbazol-9-yl)hexyl Methanesulfonate (2) Synthesis.
6-(9H-carbazol-9-yl)hexan-1-ol (1 g, 3.74 mmol) and trimethylamine
(0.42 g, 4.11 mmol) were dissolved in dichloromethane (15 mL). The
solution was cooled to 0 °C, and methanesulfonyl chloride (0.47 g,
4.11 mmol) was added to the cooled stirred solution. The cooling was
removed, and the resulting solution was stirred at room temperature
for 2 h before being washed with water. The organic layer was
separated, dried with Na,SO,, filtered, and evaporated under vacuum.

https://doi.org/10.1021/acsaelm.6c00615
ACS Appl. Electron. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsaelm.6c00615?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.6c00615?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.6c00615?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.6c00615?fig=fig15&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.6c00615?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.6c00615?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.6c00615?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.6c00615?fig=fig16&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.6c00615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

Q{2

§03Na Hj

Q
I
O PdCIy(P(Ph)z),
Cul P(Ph)s
DMF, HZO Piperidine

Naso3

(™

Figure 17. Polymer synthesis (pB6CC).

The obtained clear oil was used in the subsequent step without further
purification. Yield: 0.9 g (70%). 'H NMR (CDCl;) §: 1.42 (m, 4H),
1.69 (m, 2H), 1.91 (m, 2H), 2.93 (s, 3H), 4.16 (t, 2H, J = 6.5 Hz),
4.32 (t,2H, J = 6.9 Hz), 7.23 (m, 2H, ] = 6.9 Hz, ] = 1.4 Hz), 7.39 (d,
2H, ] = 7.9 Hz), 7.47 (m, 2H, ] = 6.9 Hz, ] = 1.4 Hz), 8.10 (d, 2H, ] =
7.9 Hz).

9-(6-(9H-Carbazol-9-yl)hexyl)-3,6-diethynyl-9H-carbazole
(3) Synthesis. Sodium hydride (0.035 g 1.46 mmol) was introduced
into a stirred solution of 3,6-diethynyl-9H-carbazole (0.2 g, 0.93
mmol) in tetrahydrofuran (18 mL) under a nitrogen atmosphere. The
mixture was stirred at room temperature for 10 min before adding a
solution of 6-(9H-carbazol-9-yl)hexyl methanesulfonate (2) (0.35 g,
1.02 mmol) in tetrahydrofuran (2 mL). The resulting mixture was
stirred and refluxed under nitrogen for 8 h. After cooling, the mixture
was extracted with dichloromethane and washed with water. The
organic solution was separated, dried with Na,SO4, filtered, and
evaporated. The crude product was purified by column chromatog-
raphy on silica using a dichloromethane/hexane (1:2) solvent system,
Rf = 0.25. Yield: 0.3 g (69%), clear viscous oil. "H NMR (CDCI3) &:
1.34 (m, 4H), 1.80 (m, 4H), 3.08 (s, 2H), 4.18 (t, 2H, J = 6.9 Hz),
425 (t,2H, ] = 6.9 Hz), 7.22 (m, 4H, ] = 6.9 Hz, ] = 8.6 Hz), 7.32 (d,
2H, ] = 7.9 Hz), 7.43 (m, 2H, ] = 6.9 Hz, J = 1.4 Hz), 7.55 (d.d, ] =
8.6 Hz, ] = 1.7 Hz), 8.09 (d, 2H, ] = 7.9 Hz), 8.20 (d, 2H, ] = 1.4 Hz).
ESI+ Mass (m/z): calculated for C34H28N, [M + H]" 465.225,
found 465.230. See Figure 16.

Polymer Synthesis (pB6CC) (4). A solution of sodium 3,3'-
((2,5-diiodo-1,4-phenylene)bis(oxy) )bis(propane-1-sulfonate)(1)
(0.145 g, 0.223 mmol) in water (S mL) was added to a solution of 9-
(6-(9H-carbazol-9-yl)hexyl)-3,6-diethynyl-9H-carbazole (3) (0.114 g,
0.25 mmol) in dimethylformamide (S mL) under nitrogen.
Subsequently, a solution of PdCL,(PPh;), (2 mg, 0.003 mmol), Cul
(0.8 mg, 0.004 mmol), and PPh; (0.6 mg, 0.002 mmol) in piperidine
(3 mL) was added to the main mixture of reagents under a nitrogen
atmosphere. The resulting mixture was stirred at 70 °C for 20 h. The
hot solution was filtered to remove insoluble residual catalyst. After
cooling, the mixture was diluted with water (5 mL), and the
precipitated polymer was separated by centrifugation. The polymer
was dissolved in a minimum of dimethylformamide (2 mL) and
precipitated again by the addition of diethyl ether. The obtained solid
was centrifuged, washed with water, and dried. Yield: 0.18 g (94%),
pale brown-green solid. 'H NMR (DMSO-dg) §: 1.35 (br.s, 4H), 1.49
(br,s, 4H), 1.60 (br.s, 8H), 1.73 (br.s, 4H), 2.15 (br.s, 4H), 2.82 (br.s,
4H), 2.96 (br,s, 8H), 4.24 (br.s, 4H), 4.35 (br.s, 4H), 7.19 (m, 4H),
7.45 (m, 2H), 7.55 (m, 2H), 7.66 (br.s, 2H), 8.14 (m, 2H), 8.35 (br.s,
2H), 8.57 (brs, 2H). During the reaction of polycondensation,
piperidinium iodide intermediate reacts with sodium sulfonate groups
of the polymer resulting in the formation of sodium iodide and
corresponding piperidinium sulfonates. See Figure 17.

Polymer Synthesis (pBC). Polymer (pBC) (cf. Figure 18) was
prepared by the same method as for pB6CC using the coupling

G -
N, 0sS

Figure 18. Polymer repeat unit (pBC) composed of piperidinium
3,3’-(1,4-phenylenebis(oxy) )bis(propane-1-sulfonate) and 3,6-dieth-
ynylcarbazole.

reaction of 3,6-diethynyl-9H-carbazole with compound (1). Yield
98%, pale yellow solid. 'H NMR (DMSO-dy) &: 1.40—1.60 (br.s,
12H), 2.15 (m, 4H), 2.79 (m, 4H), 2.95 (m, 8H), 4.21 (br.s, 4H),
7.18 (br.s, 2H), 7.55 (m, 2H), 7.63 (m, 2H), 8.57 (br.s, 2H), 11.82
(brs, 1H).

Device Fabrication

Devices were fabricated on unpolished float glass substrates (12.7 mm
X 12.7 mm X 0.7 mm) coated on one side with SiO, and indium tin
oxide (ITO, sheet resistance 8—12 €/sq). A 4 mm wide ITO strip
was defined by masking with vinyl tape and etching the exposed
regions via a zinc/HCI reaction, followed by thorough rinsing and
sequential cleaning in acetone and isopropanol with sonication (10
min each). The slides were dried under nitrogen and treated in an
oxygen plasma cleaner (Harrick PDC-32G, high setting, 5 min) to
remove residual organics and improve surface wettability.

A thin film of pB6CC was deposited by spin coating from a 1:1
water/tetrahydrofuran solution (10 mg/mL) at 2000 rpm. Top
electrodes were formed by thermally evaporating aluminum (Kurt J.
Lesker pellets, 1/4 in. diameter) in a Denton DV-502A chamber
through a shadow mask, producing two crossbar devices per substrate
with an active area of 4 mm?® Deposition was carried out at a base
pressure of 2 X 107® Torr to a nominal thickness of 200 nm as
monitored in situ by a Sigma Instruments SQM-160 thickness
controller. The final aluminum thickness was independently verified
as 189 nm using a KLA Tencor AlphaStep-IQ profilometer.
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The resulting device stack was ITO/pB6CC/Al
Electrical Characterization

The electrical measurements were conducted using an HP 4156A
Semiconductor Parameter Analyzer coupled with an HP 16058A Test
Fixture via triaxial leads, all controlled by customized Python code.
Unless otherwise specified, the ITO electrode was maintained at zero
potential through SMU3, while potentials were applied to the
aluminum electrode via SMUI. All measurements were performed at
23 °C unless stated otherwise.

For the randomized I-V response, the device was subjected to
voltages ranging from —3 V to +3 V, selected from a uniform
distribution. A 180 ms square-wave voltage pulse was applied, and the
corresponding current was measured. After each voltage application,
the device was grounded through both electrodes for 100 ms before
applying the next randomly selected voltage pulse.

For the sequential voltage I-V response, the voltage was ramped
from 0 V to + 3V (or vice versa, depending on the scan) in 50 mV
increments. At each voltage step, a 100 ms square-wave pulse was
applied at 1.1-s intervals, with the pulse voltage incremented by + 50
mV. After each voltage application, the device was grounded through
both electrodes for 1 s before proceeding to the next step.

Volatile retention characterization was performed on five
independently fabricated devices where each measurement consisted
of three sequential phases: a prepulse baseline established from 150
read pulses at —50 mV under open-circuit conditions; a —2.0 V
programming pulse applied for 10 s with current sampled throughout;
and 400 postpulse read pulses at — S0 mV monitoring conductance
decay over approximately 600 s. Between all read pulses the device
was maintained in an open-circuit state. The stable baseline was
determined from the mean of the final 30 prepulse reads. Postpulse
decay was fit to a power law I/l ine = At in log—log space.

For spike-timing-dependent plasticity (STDP) measurements,
synaptic responses were generated by applying paired presynaptic
and postsynaptic spikes. Each spike was defined as a — 500 mV
square-wave pulse with a duration of 60 ms. The ITO electrode
served as the presynaptic terminal, while the Al electrode was
designated as the postsynaptic terminal.

The relative timing shift (At,) between the pre- and postsynaptic
spikes was randomly selected from either an uniform or a normal
distribution. The uniform distribution spanned — 500 ms to +500 ms,
whereas the normal distribution was centered at ¢ = 200 ms with a
standard deviation of 6 = 300 ms. These randomized intervals were
chosen to emulate the stochasticity observed in biological synaptic
interactions.

Following each spike pair, a — 50 mV square-wave measurement
pulse (60 ms duration) was applied 100 ms after the termination of
the last spike to probe the updated synaptic weight. Each pulse pair
was separated by a 1 s rest period to ensure consistent baseline
recovery.

To facilitate data comparison and visualization, responses were
normalized relative to a baseline established at At, = 0. No external
reset pulse was applied between trials; instead, the use of randomized
At values inherently limited cumulative weight changes, enabling the
observation of intrinsic STDP behavior without interference from
residual states.

SEM Characterization

Thin pB6CC films were prepared by spin coating a 10 mg/mL
solution in 1:1 (v/v) deionized water/tetrahydrofuran onto ITO-
patterned glass substrates at 750 rpm for 40 s, followed by annealing
at 105 °C for 3 min and overnight drying under vacuum. SEM
imaging was performed using a Hitachi S-3400 variable pressure
scanning electron microscope (secondary electron detector, 10 kV
accelerating voltage, 30 Pa chamber pressure) with samples mounted
on conductive carbon tape and grounded with silver paint.

Pseudomonas resinovorans CA10 Digestion of pB6CC

P. resinovorans CA10 Growth. P. resinovorans CA10 was grown
in M9 minimal media (47.7 mM Na,HPO,, 22 mM KH,PO,, 8.5 mM
NaCl, 18.7 mM NH,C], 2 mM MgSO,, 0.1 mM CaCl,, and 0.4%

glucose) at 32 °C for 24 h with shaking. The cells were harvested
using a Beckman Coulter JLA 16.250 rotor at 10,000 x g at 4 °C for
20 min. The cell pellet was frozen and stored at —60 °C. The cell
paste (5 g) was resuspended in 25 mLs of Buffer A (50 mM Tris-HCl
pH 7.5, 1 mM ethylenediaminetetraacetic acid (EDTA), 150 mM
KCl, 10% sucrose, 0.01% Igepal, 1 mM benzamide, 10 mg/mL
lysozyme, 1 mM phenylmethylsulfonyl fluoride (PMSF) and the
protease inhibitors, leupeptin, aprotinin, chymostatin, and pepstatin A
at a final concentration of S ug/mL). The cells were sonicated with 30
s pulses followed by 15 s rest for S min using a sonicator (Qsonica
QI2S). The lysate was clarified by ultracentrifugation at 40,000 rpm
for 90 min in a Beckman Coulter Ti4S rotor at 40,000 rpm at 4 °C.
The clarified supernatant was frozen in aliquots and stored at —60 °C.

Degradation of pB6CC with P. resinovorans CA10 Lysate.
pB6CC (75 pumol) was combined with 0.1 mM NADH and 500 uL of
P. resinovorans CA10 lysate in Buffer A supplemented with 150 mM
KCl, 1 mM dithiothreitol (DTT), and 10% glycerol and incubated at
30 °C for 4 h in the dark. The optical density of the reaction was
measured at 425 nm at periodic intervals.

Degradation of pB6CC with CARDO Proteins. The CARDO
proteins were expressed and purified as previously described.*’
pB6CC (75 umol) was combined with 0.1 mM NADH and 10 pmol
of each of CARDO-O, CARDO-F, and CARDO-R in 500 uL of
Buffer B (50 mM Tris-HCl pH 7.5,

One mM ethylenediaminetetraacetic acid (EDTA), 150 mM KC, 1
mM dithiothreitol (DTT) and 10% glycerol) and incubated for at 30
°C for 4 h in the dark. The optical density of the reaction was
measured at 425 nm at periodic intervals.

Thermogravimetric Analysis of Digested pB6CC. For the
digestion of pB6CC with P. resinovorans CA10, an incubation solution
was prepared containing 0.15 mL of pB6CC in DMSO (100 mg/mL),
0.96 mL of CA10 lysate, 0.24 mL of H,0, and 0.15 mL of NADH (20
mg/mL), totaling 1.5 mL. The samples were vortexed using a Fisher
Scientific Vortex Mixer and incubated in an oven at 40 °C for 24 h.
Postincubation, samples were centrifuged using a Thermo Scientific
Sorvall Legend Micro 21 Centrifuge at 14,000g for 20 min, after
which the supernatant was removed. The samples were subsequently
dried in a vacuum oven for at least 48 h.

A TA Instruments Thermogravimetric Analyzer QS000 was
employed with approximately 10 mg of predigested and postdigested
pB6CC. The weight loss of each sample was monitored as the
temperature was increased from 25 to 1000 °C at a heating rate of 20
°C/min under a nitrogen atmosphere.

B CONCLUSION

An approach to environmentally sustainable electronics is
demonstrated by showcasing a hybrid conjugated polymer,
pB6CC, that exhibits spike-timing-dependent plasticity
(STDP). This polymer is characterized by its field-sensitive,
conformationally flexible pendant carbazole moieties, creating
an efficient two-terminal memory device. The unique
integration of two independent but synergistic pathways for
charge transport enables the achievement of a continuum of
resistive states, signifying a major step forward in low-energy
analog switching applications. Furthermore, the polymer’s
biodegradability, facilitated by bacterial degradation, presents
an eco-friendly solution to reducing electronic waste,
addressing significant environmental concerns associated with
the disposal of electronic materials.

Taken together, these results demonstrate the promise of
pB6CC as a platform for neuromorphic computing while
reinforcing the importance of sustainability in the design of
next-generation electronic materials.
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