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Memristors have been extensively studied for nonvolatile memory storage, neuromorphic computing, and
logic applications. Particularly, synapse emulation is viewed as a key step to realizing neuromorphic
computing, because the biological synapse is the basic unit for learning and memory. In this study,
a memristor with the simple structure of Ta/viologen diperchlorate [EV(ClO4),l/terpyridyl-iron polymer
(TPy-Fe)/ITO is fabricated to simulate the functions of the synapse. Essential synaptic plasticity and
learning behaviours are emulated by using this memristor, such as spike-timing-dependent plasticity and
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DOI 10.1039/c6ra02915a different amplitudes of voltage pulses is investigated as well. These demonstrations help pave the way
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Introduction

With the increasing demand of information storage and pro-
cessing, the classical von Neumann system of digital computers
suffers more and more from the inefficiency of serial mode
operation, as well as the higher power consumption prob-
lems.’® Among various solutions to break the von Neumann
bottleneck, imitating neural networks in human brains is
considered to be the effective method.*® Neuromorphic
computing is a bio-inspired approach that could be more effi-
cient due to its parallel processing capability.” In human
brains, neuron is the basic structure and functioning unit of the
nervous system. While, the synapses are the significant parts
between neurons, which perform the processing and trans-
mission of the information.'*** Therefore, synapse is generally
considered as the smallest unit of memory and learning in
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human brain. The synaptic weight between two neurons can be
accurately modulated by the ionic flow. It is widely reviewed that
the learning behaviour and functions of the biological synaptic
systems can be emulated by adapting the synaptic weights.**¢
Thus, emulating the functions of the biological synapses is vital
to realizing neuromorphic computing. The memristor (memory
+ resistor), an electrical device, has nonlinear transmission
characteristics that are similar to certain properties of biolog-
ical synapse. Resembling a biological synapse, the conductance
of the memristor can be gradually regulated by controlling
charge fluxes."”* These characteristics of the memristor can be
used to simulate the synaptic behaviors, desired to achieve the
construction of artificial network.>

So far, abundant amount of efforts have been devoted to
exploiting biomimicking memristors, most of which are
concentrated on inorganic materials and devices that need
elaborated fabrication procedures.***° On the contrary, organic
systems that make the use of charge transfer and electro-
chemical redox effects to change the device resistance usually
demonstrate the advantages of low cost, easy fabrication,
mechanical flexibility and especially, tunable electronic prop-
erties by designing molecular structure.**** In this study, we
report the memristive behavior in the ethyl viologen diper-
chlorate [EV(ClO,),]/terpyridyl-iron polymer (TPy-Fe) organic
redox system. The polymer TPy-Fe with coordinating bond
between Fe cation and pyridine ring is used in this study for its
electrochemical redox behavior,*® while ethyl viologen diper-
chlorate [EV(ClO,),] is used as counter reaction material for
TPy-Fe oxidation which also provides transportable perchlorate
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ions to neutralize the charged form of the polymer.*”** To
improve the migration rate of the perchlorate ion, polyethylene
oxide (PEO) acts as a solid electrolyte in EV(ClO,), layer.* The
electrical properties of the organic redox system is evaluated in
a two-terminal devices with sandwich structure of Ta/EV(ClO,),
+ PEO/TPy-Fe/ITO, presenting memrisitive behaviour that can
be used to emulate the potentiation and depression processes
of a biological synapse. Consequently, a series of synaptic
behaviors, including the spike-rate-dependent plasticity (SRDP),
the spike-timing-dependent-plasticity ~(STDP), short-term
memory (STM) and long-term memory (LTM), and learning
behaviors, are successfully mimicked, demonstrating the
feasibility of using organic materials to construct synaptic
mimicking memristor devices.

Results and discussion

The chemical structure of the coordination polymer TPy-Fe,
with the bis-terpyridine ligands connected to the transition
metal ions of Fe,*** is verified through 'H nuclear magnetic
resonance ("H NMR) and X-ray photoelectron spectroscopy
(XPS) and shown in Fig. 1a. The 'H NMR spectrum (Fig. 1b)
reveals proton signals of the pyridines rings with chemical
shifts of 10.40-9.58 (m, 4H), 9.54-7.78 (m, 12H), as well as that
of the benzene rings at ~7.10-7.74 (m, 8H) for the coordination
polymer TPy-Fe. The XPS spectrum of Fe 2p for TPy-Fe is shown
in Fig. 1c. The binding energies of the Fe 2p;, and Fe 2p,,
peaks are 708.7 eV and 721.5 eV, respectively. An obvious
satellite signal, which does not overlap with either the Fe 2p;,
or Fe 2py,, peaks, is located at 714.3 eV. The binding energy
difference between the Fe 2p;/, peak and the satellite peak was
approximately 6 eV. The presence of this ‘shoulder’ satellite
peak and the binding energy difference of 6 eV are consistent
with the that reported in the literatures,***® and are clear
evidence of the existence of Fe*' jons. As such, it can be
confirmed that the coordination polymer TPy-Fe with bivalent
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Fig. 1 (a) Chemical structures of TPy-Fe, EV(ClO4), and PEO. (b) H
nuclear magnetic resonance (*H NMR) spectrum of polymer TPy-Fe.
(c) X-ray photoelectron spectrum (XPS) of the TPy-Fe polymer film.
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iron species has been prepared successfully. The chemical
structure of EV(ClO,), and PEO are also shown in Fig. 1a.

The fundamental memristive behaviors of the Ta/EV(ClO,), +
PEO/TPy-Fe/ITO device are shown in the current-voltage (I-V)
characteristics of Fig. 2a. To measure these behaviors, the device
is subjected to eight consecutive positive voltage sweeps of 0V —
3V — 0 V. Initially, the Ta/EV(ClO,), + PEO/TPy-Fe/ITO mem-
ristor shows a high resistance of ~2.9 x 10'° Q (read at 0.1 V).
Then, the current value increases gradually, and the device
resistance decreases gradually to 1.8 x 10° Q. When the voltage
sweepings are reversed to 0 V. — —2V — 0V, the current value
decreases continuously with the number of sweepings, while the
device resistance increases constantly from 3.8 x 10° Q to 2.5 x
10° Q (read at —0.1 V). When positive electric field is applied,
Fe(u) ions are oxidized to Fe(m) ions, while EV(u) species are
reduced to EV(1).””* During this process, the band gap of the
polymer can be changed with the oxidation and introduction of
impurity energy levels. In the negative scans, reverse redox
reactions occur (see ESI, Fig. S2 and S3t). Consequently, the
conductance of the device can be adjusted continuously by
voltage stimulation, which is similar to the non-linear trans-
mission characteristics of biological synapses.”® The conductivity
or the current value can be regarded as synaptic weights. A
rectifying effect is also observed during the sweeping process,
which may be ascribed to the difference in the molecular orbital
energy levels between the TPy-Fe polymer and the EV(ClO,),.
Such a rectifying effect is useful for the single-direction trans-
mission of information in biological synapses. Many biological
synapses in the brain are rectifying in that they allow information
transmission along a single direction.*”**

The potentiation and depression of the synaptic weight are
another fundamental synaptic behavior that the excitability of
synapses can be incrementally adjusted through the action
potential spikes.* In our study, the potentiation and depression of
the synaptic weight can be considered as the increase and
decrease of the device current as mentioned above, which are
obtained by applying a series of 50 positive pulses (3 V, 10 ms)
immediately followed by 50 negative pulses (—2 V, 10 ms) as
shown in Fig. 2b. The current value was read by a small read
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Fig. 2 (a) Current—voltage characteristics of the Ta/EV(ClOy4), + PEO/
TPy-Fe/ITO memristor showing non-linear transmission behavior
similar to that of a biological synapse. The inset is the schematic
illustration of our memristor. (b) Device current in response to a series
of positive and negative voltage stimulations showing the respective
potentiation and depression of the synaptic weight. The amplitude,
duration and period of the positive voltage pulse and the negative
voltage pulse are +3V,10 ms, 2sand -2V, 10 ms, 2 s, respectively. The
current responses are read with a small voltage of £0.1 V.
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voltage of +0.1 V after each pulse. The synaptic weight of our
memristor can be strengthened or weakened with the positive or
negative pulses, respectively. It is noteworthy that a gap between
the final state of potentiation and the initial state of depression is
observed. This can be understood by the spontaneous back drift of
the perchlorate ions with the absence of electrical driving forces.

The device conductivity can also be modulated by tuning the
duration and amplitude of the applied voltage pulses, which
emulate the spike-rate-dependent plasticity (SRDP) of biological
synapses.’>®* SRDP is one basic characteristics of biological
synaptic plasticity, which is obtained by BCM model proposed
by Bienenstock, Cooper, and Munro.** It declares that the pre-
synaptic spiking rate greatly influences the synaptic weight. In
the present study we have applied voltage pulse stimulations
with a fixed number of 10 and different frequencies from 1 Hz to
20 Hz on the memristor devices, as shown in Fig. 3a. The
change of firing frequencies from 1 Hz to 20 Hz is the same as
the change of the pulse-to-pulse intervals from 1 s to 0.05 s. It is
found that the current value clearly increases with frequency
increasing. For the sake of quantitatively studying the trans-
formation of the current recorded at every frequency, we
calculated the relative changes in synaptic weight and plotted it
versus stimulation frequency, as shown in Fig. 3b. At the
frequency of 1 Hz, there is little enhancement of the device
current with the increasing stimulation numbers. When the
frequency reaches to 20 Hz, the device current increases for
more than 20 times. More frequent stimulation leads to a larger
change of the synaptic weight.

Spiking-timing-dependent plasticity (STDP) is the synaptic
plasticity that follows the Hebbian learning rule.>® STDP
suggests that the synaptic weight can be regulated by the time
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Fig. 3 Frequency-dependent synaptic potentiation and spike-rate-
dependent plasticity (SRDP) of the EV(ClO4), + PEO/TPy-Fe mem-
ristor. Evolution of the device (a) current and (b) current change (Al)
with 10 voltage pulse stimulations at different frequencies. Spike-
timing-dependent plasticity (STDP) of the EV(CIO4), + PEO/TPy-Fe
memiristor. (c) The profiles of the pre-synaptic and post-synaptic
spikes consisting of a voltage pulse pair with the amplitude, duration
and separation of 3V, 10 ms, 2 sand —2 V, 10 ms, 2 s respectively. (d)
Change of the synaptic weight with the relative timing At of the pre-
synaptic and post-presynaptic spike-pair application.
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interval between pre- and post-synaptic spikes. We define the TE
(Ta) and BE (ITO) of the memristor as a pre-synaptic membrane
and a post-synaptic membrane, respectively. Meanwhile, a pair
of voltage pulses, which consists of a positive pulse with the
amplitude of +3 V, duration of 10 ms and a negative pulse with
the amplitude of 2 V, duration of 10 ms, has been imposed onto
the device. A 2 s interval presents between the positive pulse and
negative pulse. In Fig. 3¢, At is defined as the interval between
pre- and post-synaptic spikes (At = tpre — tpose)- The change of
the synaptic weight (AW) is considered as (I, — I)/I;, where I
and I, denote the currents obtained before and 10 min after the
pulse-pairs removed, respectively. If the post-synapse stimula-
tion momentarily arrives before the pre-synapse stimulation,
which means At <0, the synaptic weight gets increased; whereas
if the pre-synapse stimulation arrives earlier than the post-
synapse stimulate, which means At > 0, the synaptic weight
becomes decreased. Furthermore, both the depression and
potentiation of the synaptic weights show negative correlation
to the interval between the pulse-pairs. The longer time interval
At, the smaller the absolute value of AW. These results are
shown in Fig. 3d. Therefore, by means of accurately controlling
the interval and order between the pulse-pairs, we can
successfully emulate the STDP of the biological synapse.

Generally, there are two fundamental characteristics that can
describe the memory behavior in human brains: short-term
memory (STM) and long-term memory (LTM). STM is the tran-
sient phenomenon, which only lasts for a few seconds or
minutes and then fades away to its initial value.**** On the other
hand, LTM shows a permanent change in synaptic structures,
which could persist for hours or days, even to years.*® Besides,
STM can be transformed to LTM through repeated
rehearsals.””*® Both behaviors are observed in our memristor
devices, as shown in Fig. 4a. We first apply 10 voltage pulses
with fixed amplitude, widths and period to the EV(Cl0,), + PEO/
TPy-Fe memristor, then remove the stimulating voltage pulses
and track the current value at reading voltage pulse (0.1 V,
10 ms). It is observed that the synaptic weight of the memristor
falls off rapidly at the beginning, then arrives a stable value with
time. This equals the STM behavior. In order to quantitatively
calculate the STM behavior of the memristor, we use the
modified Kohlrausch equation to describe the relaxation
process as following,>~**
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Fig. 4 Memory enhancement of the EV(ClO,), + PEO/TPy-Fe mem-
ristor. (a) Experimental (symbols) and fitted (solid lines) memory
retention performance after being subjected to different numbers of
identical voltage pulse stimulations. (b) Evolution of the relaxation time
constant () and the stabilized synaptic weight (/g) along with the
stimulating numbers.
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Fig. 5 The learning and forgetting behavior of the EV(ClO,4), + PEO/
TPy-Fe memristor under voltage stimulation pulses of different
amplitudes in the (a) 1% learning, (b) 1% forgetting, (c) relearning and (d)
2" forgetting processes, respectively.

I(t) = I + A exp(—t/7) (1)

where I(¢) and I, are the synaptic weights at the time of ¢ and
that in the stable state, respectively, 4 is the pre-exponential
factor and t is relaxation time constant. When the relaxation
time constant t > ¢, the synaptic weight drops fast. On the
contrary, if 1 < t, the synaptic weight changes slowly. It is found
that as the number of the stimulating pulses increases, both the
relaxation time constant and stable synaptic weight increases
significantly (Fig. 4b). For instance, the synaptic connection
fades away in about 20 s when stimulated by 10 times. With the
number of voltage pulses increased to 50, the speed of memory
loss decreases and the remaining memory increases. This
equals to transition from STM to LTM.

Fig. 5a—-d shows another vital memory behavior in our device,
which is called as learning behavior. At first, 50 consecutive
voltage pulses are applied on our memristor, and the synaptic
weight gradually increases with the number of stimulation
pulses (Fig. 5a). We defined the growing process as “learning”.
When the applied voltage is removed, the synaptic weight
decays to a mid-state without any external inputs (Fig. 5b). We
defined the decaying process as “forgetting”. However, only 20
subsequent stimulations can recover the synaptic weight to the
original level of the first learning (Fig. 5c), which is defined as
the “relearning” (or recalling) behavior. The synaptic weight
also decreases to a stable state after removing the recalling
stimulations, with a decay rate much slower than the first
process of decaying (Fig. 5d). So, the process of learning,
forgetting and relearning composes the learning behavior of the
memristor, which demonstrates that the learned information
will be more easily recalled.>**%> Moreover, it can be seen that
as the amplitude of the stimulation voltage pulses increased
from 3 V to 4 V, the learning and relearning processes can be
run much faster and more effective in the present memristive
synapse, while the forgetting process get effectively weakened.
This is similar to the fact that important events can results in
strong memory in the brain of human beings.

Experimental
Materials

All chemicals were reagent grade and used without purification.
Ethylene glycol (EG) and methanol (MeOH) were used as reac-
tion solvents, which were purchased from Aldrich (Shanghai,
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China) and utilized without further purification. 4',4"-(1,4-
Phenylene)bis(2,2':6',2"-terpyridine) (97%) and iron(u) acetate
[Fe(OAc),, >99.99%] were purchased from Aldrich and used
without further purification. The supporting electrolytes,
lithium perchlorate (LiClO,, 99%), tetrabutylammonium
perchlorate (TBAP, 98%), and silver nitrate (AgNO3;, 99%) were
purchased from Aldrich and used without further purification.

Instruments

The 'H nuclear magnetic resonance (1H NMR) spectra were
performed at 400 MHz on a Bruker 400 AVANCE III spectrom-
eter with dimethyl sulfoxide (DMSO) as solvent and tetrame-
thylsilane (TMS) as a reference for the chemical shifts. The UV-
visible absorption spectra of the polymer were obtained in
diluted solution on a Shimadzu UV-2450 UV-Visible spectro-
photometer. Steady-state fluorescence spectra of the polymer
devices were recorded on an Andor SR303i-A/DU420A-BVF
spectrofluorometer. Cyclic voltammetry (CV) measurements
were measured in an electrolyte solution of TBAP in acetonitrile
(0.1 M) under an argon atmosphere, using platinum gauze and
Ag/AgCl as the counter and reference electrodes respectively. A
typical scan rate of 20 mV s ' was used during the CV
measurements. Viscosity average molecular weight (M,) was
calculated by measured viscosity. The viscosity of Tpy-Fe poly-
mer was tested by Ubbelohde viscometer.

Synthesis of monomer and polymer

The TPy-Fe coordination polymer was synthesized via stepwise
polymerization with 4',4"’-(1,4-phenylene)bis(2,2':6’,2"-terpyr-
idine) (denoted as chemical L1 for short) and Fe(OAc), (Scheme
S1, ESIt).*" In detail, a mixture of Fe(OAc), (60 mg, 0.5 mmol)
and L1 (45 mg, 0.5 mmol) was refluxed in argon-saturated
HOCH,CH,OH at 120 °C for 24 h. Afterwards, the reaction
solution was cooled to room temperature and then filtered to
remove insoluble residues with Buchner funnel. A 100 mL
round bottom flask, equipped with a reflux condenser, was
degassed (flamed under vacuum) and filled with argon. The
obtained powders packed with paper were extracted with
tetrahydrofuran (THF) during 5 h, refluxing in a Soxhlet appa-
ratus. The evaporated substances were small molecules and
impurities. The residues within the paper were the required
products. The product was placed in Petridish and dried in
vacuum oven at 60 °C for 24 h. "H NMR (400 MHz, CDCl;, ppm):
10.40-9.58 (m, 4H), 9.54-7.78 (m, 12H), 7.10-7.74 (m, 8H). M,
(the viscosity-average molecular weight) = 8.82 x 10™

Device fabrication and characterization

The ITO/glass substrates (Hefei Ke Jing Materials technology
Co., LTD.) were pre-cleaned in the ethanol and acetone in an
ultrasonic bath, each for 30 min in that order. The TPy-Fe
solution of 3 mg mL ™' was prepared by dissolving the
powders in dimethyl formamide (DMF) through magnetic stir-
ring. In order to remove any dissolved particles, the as-prepared
solutions were filtrated by the polytetrafluoroethylene (PTFE)
membrance micro-filters with a 0.45 um pore size. Then the
TPy-Fe solution was spin-coated onto the pre-cleaned ITO/glass

This journal is © The Royal Society of Chemistry 2016
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substrate at 300 rpm for 20 s and then at 2000 rpm for 60 s,
followed by heating at 50 °C overnight. The electrolyte solution
was prepared according to the reported method.* The Ta top
electrodes of 100 nm thickness were deposited by magnetron
sputtering using a metal shadow mask at room temperature.
The electrical properties of the Ta/EV(ClO,), + PEO/TPy-Fe/ITO
devices were measured with a Keithley 4200 semiconductor
characterization system under sweeping or pulse mode under
an ambient atmosphere.

Conclusions

To summarize, coordination polymer with iron ions have been
successfully synthesized and demonstrate several primary
synaptic functions in Ta/EV(ClO,), + PEO/TPy-Fe/ITO structured
memristor devices. Based on the reversible redox behaviors of
the terpyridyl-iron polymer and viologen species, nonlinear
transmission characteristics, potentiation and depression of
the synaptic weight, SRDP, STRP, STM/LTM, as well as the
learning-forgetting-relearning behaviors have been simulated.
The present work shows the possibility of using organic mate-
rials for constructing the neuromorphic information storage
and processing systems.
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