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ABSTRACT

This project was broadly motivated by the need for new hardware that can process information such
as images and sounds right at the point of where the information is sensed (e.g. edge computing). The
project was further motivated by recent discoveries by group demonstrating that while certain organic
polymer blends can be used to fabricate elements of such hardware, the need to mix ionic and
electronic conducting phases imposed limits on performance, dimensional scalability and the degree
of fundamental understanding of how such devices operated. As an alternative to blended polymers
containing distinct ionic and electronic conducting phases, in this LDRD project we have discovered
that a family of mixed valence coordination compounds called Prussian blue analogue (PBAs), with
an open framework structure and ability to conduct both ionic and electronic charge, can be used for
inkjet-printed flexible artificial synapses that reversibly switch conductance by more than four orders
of magnitude based on electrochemically tunable oxidation state. Retention of programmed states is
improved by nearly two orders of magnitude compared to the extensively studied organic polymers,
thus enabling in-memory compute and avoiding energy costly off-chip access during training. We
demonstrate dopamine detection using PBA synapses and biocompatibility with living neurons,
evoking prospective application for brain-computer interfacing. By application of electron transfer
theory to in-situ spectroscopic probing of intervalence charge transfer, we elucidate a switching
mechanism whereby the degree of mixed valency between N-coordinated Ru sites controls the carrier
concentration and mobility, as supported by density functional theory (DFT).
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ACRONYMS AND DEFINITIONS

Abbreviation

Definition

PBA Prussian blue analog

DFT Density functional theory

NVM Non-volatile memory

ANN Artificial neural network

ECRAM Electrochemical random access memory

OECT Organic electrochemical transistor

PEDOT:PSS poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate)
MVC Mixed valence compound

CT Charge transfer

RuPBA Ruthenium Prussian blue analog

fr-RuPBA Fully reduced Ruthenium Prussian blue analog
pr-RuPBA partially reduced Ruthenium Prussian blue analog
NN Nearest neighbor

Ox Oxidation

Re Reduction

PEI Polyethylene imine

OCR Optical character recognition

MNIST Modified National Institute of Standards

DA Dopamine

UV-Vis-NIR Ultraviolet-Visible-Near Infrared

MLCT Metal to Ligand Charge Transfer

IVCT Intervalence Charge Transfer

LiFSI Lithium bis(fluorosulfonyl)imide

PyriaTFSI N,N-Butylmethylpyrrolidinium bis(trifluoromethanesulfonyl)amide
as-RuPBA as-synthesized Ruthenium Prussian blue analog
IVCTcp Cross-pore intervalence charge transfer

IVCTnN Nearest neighbor intervalence charge transfer
pDOS Partial density of states

ITO Indium tin oxide

XRD X-ray diffraction

TEOS tetraethylorthosilicate

DEMA:TfO diethylmethylammonium trifluoromethanesulfonate
DMA dimethylacetamide

PET polyethylene teraphthalate




1. INTRODUCTION

Inspired by the in-memory computing architectures of biological systems, neuromorphic
computing using crossbar arrays of artificial synapses based on non-volatile memory (NVM) devices
with variable conductances has emerged as a new paradigm to enable massively parallel and ultra-
low power computing hardwate for data centric applications.'” Although inference has been
demonstrated successfully using crossbars based on a variety of NMV technologies, efficient
learning and scaling to large arrays (>10° elements) remains a challenge due to the synaptic elements’
non-ideal electrical characteristics which degrades attificial neural network (ANN) accuracy®. A
further challenge is that in the conductive state memristors draw large currents >uA resulting in
significant voltage drops in the interconnect wires and increased probability of failure in scaled
arrays’. The organic polymer electrochemical random access memory (ECRAM) is an alternate
approach that could solve many of these challenges, enabling both inference and parallel outer
product updates, as recently demonstrated by Fuller et al.” An ECRAM consists of redox-active
channel and gate electrodes in contact with a liquid or solid electrolyte. Ion insertion through the
electrolyte controls the channel electronic conductivity, while electron transfer through an external
circuit maintains overall charge neutrality. Unlike a rechargeable battery, in the ECRAM the voltage
built-up across the electrolyte is kept to a minimum (typically <100 mV) by using the same material
for the gate and channel. Elimination of the voltage offset simplifies integration of the ECRAM into
programmable arrays by enabling the use of various selectors’. ECRAMs based on inorganic and
organic materials have been recently demonstrated with conductance tuning occurring at potentials
of just a few mV and hundreds to thousands of linearly and symmetrically programmable
conductance states, enabling near ideal accuracy in neural network simulations.

Introduced in the 1980’s, redox transistors with metallic gate electrodes and organic channel
materials, also known as organic electrochemical transistors (OECTSs), have been explored for a
variety of applications such as chem- and bio-sensing, neural interfaces, and low cost printed
circuits’. A typical channel material for OECTs is the conducting polymer
poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate) (PEDOT:PSS). PEDOT is a
p-type semiconducting polymer with mobile positively charged polarons that hop chain-to-chain.

Mixed valence compounds (MVCs) that accommodate facile ion insertion and extraction have
recently garnered intense interest for applications beyond energy storage such as neuromorphic
computing, thermal and magnetic switching, and electrocatalysis.” This interest is motivated by the
possibility to tune the electronic structutre of the host via the coupled ion/electron
insertion/extraction reactions characteristic of electrochemical chatrge transfer (CT). Among the
various classes of MVCs, the continually growing family of Prussian blue analog (PBA) coordination
frameworks®"’ stand out due to their high (electro)chemical stability," " fast ionic transport,'* "
biocompatibility and applications for biosensing,'®'” process compatibility with electron and
photolithography,' " high electrocatalytic activity,'” '* and synthetic tunability.” ' However,
fundamental insight into the electronic conduction mechanism remains limited for most PBAs,
including the archetypal PB,”* thus hindering their utilization for electronics applications. This is
surprising, given the success of electron transfer theory in explaining the electronic properties of
many mixed valence coordination compounds,”*® including cyanide-bridged complexes that mimic
the molecular building blocks of PBAs.”!

In this report, we describe a Ru-based Prussian blue analogue® (RuPBA) as both a model
system for understanding redox-tunable electronic delocalization in extended mixed valence
coordination compounds® ** and as an efficient active material for flexible electronic devices that

tival organic electrochemical transistors (OECTSs)*>* for emerging analog memory” ™ and
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biointerfacing® applications. We elucidate the interrelationship between the electronic conductivity
and the electrochemically tunable rate of intervalence CT using Marcus-Hush theory (MHT),*" *
Boltzmann transport theory, and operando absorption spectroscopy, indicating that hole mobility
>1 cm®/(V's) is achievable in this material. Application of MHT to the absorption spectra at
different oxidation states reveals that electronic conduction predominantly occurs through a cross-
pore (CP) charge transfer pathway between N-coordinated Ru sites, as depicted in Fig. 1a, consistent
with DFT predictions. To show the potential of RuPBA in neuromorphic computing, we
demonstrate electrochemical random-access memory (ECRAM) artificial synapses™*>* that switch
conductance over a range of >4 orders of magnitude with a large linear regime, low read/write
currents, strong endurance, and excellent long-term state retention. The RuPBA ECRAM is inkjet
printed on flexible substrates, biocompatible, and sensitive to dopamine. To our knowledge, the
RuPBA represents the first practical alternative material to polymer blend based OECTs, offering
promising avenues for innovation via its distinct ion/electron conduction mechanism and large
synthetic flexibility of the PBA family of compounds.



2. ELECTRONIC TRANSPORT AND ANALOG TUNING

Fig. 1a shows the idealized structure of RuPBA, depicted without [Ru(CN)]* vacancies for
simplicity, containing lithium ions intercalated within the square faces® of the cubic CN-bridged
cages. The as-synthesized RuPBA contains 3 at.% of K ions (Ru:K = 2.5:1), indicating that most of
the Ru centers initially have a 2+ formal oxidation state. We expect the K* ions exchange with the
Li" ions after the silica-based Li*-containing ionogel electrolyte® layer is printed over the RuPBA
layer. The transfer curve in Fig. 1c¢ shows electrochemical tuning of the channel conductance from a
lower limit of ~9x10” S to an upper limit of ~2x10* S. Based on the RuPBA film conductivity in
the as deposited state (4X10* S/cm, Extended Data Fig. 1) and the measured conductance from Fig.
1c (2x10°S at I, = 0 V), the electrochemically tunable conductivity range extends from ca. 10° to
10” S/cm. Interestingly, the lower conductivity at the fully reduced RuPBA (f~RuPBA) state (~10°
S/cm) is close to that obtained by Xidis and Neff for /~PB (5X107 S/cm).* We attribute the lower
conductance limit at [/ ~ 0.6 V to that of f/~RuPBA, where all Ru centers have a 2+ formal
oxidation state and the structure contains the maximum amount of lithium ions. Partial oxidation of
f~RuPBA causes Ru"/™ mixed valency and conductivity to increase.

Most of the accumulated electrochemical gating charge should be proportional to the amount
of Ru" species oxidized according to Faraday’s law, and thus should also scale linearly with the
charge carrier concentration. Analysis of the transfer data shows a voltage range where the
conductance changes linearly with accumulated gate charge (see also Supplementary Information,
Section S1). The trend suggests that only carrier concentration changes in the linear region, while
mobility remains constant. Outside of this region, oxidation of the RuPBA channel either causes the
mobility to increase (0.6 V< I < -0.1 V) or decrease (-0.3 V < V4 < -0.6 V). Upon oxidizing the
channel further, the conductance decreases, indicating that a mixed valence form is the most
conductive.
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Fig. 1. Electrochemical doping of RuPBA. a, Idealized vacancy-free structure of partially lithiated
RuPBA, LizRu[Ru(CN)g)2, showing proposed cross-pore (CP) and nearest neighbor (ININ) charge
transfer paths. b, Schematic representing reversible Li" ion insertion into the RuPBA film at the gate
and channel separated by a Li"-containing ionogel electrolyte (See Supplementary Information,
section S2, for a detailed description of the ECRAM device architecture). ¢, Transfer curve for a
RuPBA/Li-ionogel device showing the resulting source-drain current of the channel (iq) on a linear
scale (left y-axis, blue) and channel conductance on a logarithmic scale (G, right y-axis, red) when
scanning the gate-drain voltage (I,4) at 30 pV/s and applying a source-drain bias of 0.1 V. The
dashed box designates the region where 74 increases linearly as a function of electrochemical charge.
d, Scheme conveying the change in Ru valency and degree of lithiation as the channel undergoes
oxidation (Ox) and reduction (Re). Numeric labels on Ru atoms represent formal oxidation states
and valence mixing. The region shown in pink highlights the proposed crosspore mixed valence
conduction pathway, where electron delocalization occurs between neighboring N-coordinated Ru
centers while C-coordinated Ru centers maintain localized 2+ formal oxidation states.

Consistent with the transfer characteristics (Fig. 1c), the voltage-controlled pulsed
programming of an ECRAM device with a 0.75 ms ‘write’ pulse duration shows that the
potentiation (G1) and depression (G|) ramps (Fig. 2a) are highly linear, which is desirable for high
accuracy during training.” > Devices fabricated with a proton-conducting polymer-based ionogel
electrolyte show better switching behavior in terms of linearity and symmetry, but switch more
slowly, requiring more than 10-fold longer write pulse durations and twice as many pulses to cycle
over a range of Gmiw = 2Gmin (Extended Data Fig. 3). The conductance range of 80-160 nS in Fig. 2a
corresponds to a read current range of 8-16 nA at the applied read voltage (I/: = 0.1 V). The
combination of low current and near-linear conductance tuning is ideal for energy-efficient
programming.”®

State retention is essential for nonvolatile synaptic memory. As shown in Fig. 2b, the
programmed conductance over the entire range, 0.65-2.0 pS (Gmax / Gmin ~ 3), has a retention time of
~600 s (defined as 4G < 1 %). The loss in retention at G > Gy in Fig. 2b indicates that the more
oxidized RuPBA states are less stable than the reduced states. However, the conductance remains
stable within +1% over a duration of ~10* s for the range below the initial state, 0.65-1.5 pS
(Gmax/ Gmin ~ 2), an improvement in comparison to the ~250 s retention time reported for
PEDOT:PSS synapses programmed within a similar Gma/Gmin tange under inert environment.”’
PEDOT:PSS channels contain polyethyleneimine (PEI), which acts as an electron donor to
annihilate electrochemically generated holes until the conductivity decays to its initial state. When
charged to a lower conductivity, the PEI additive diffuses out of the channel and into the electrolyte,
causing conductivity to increase over time towards the initial state.””** Given standard neural
network training, the negative impacts of such volatility on network accuracy and energy efficiency
might be considerable, e.g., a deep neural network based on filamentary ReRAM where a ~5%
conductance change over a period of 10* s at elevated temperature led to ~16 % loss in network
accuracy, and could only be mitigated through a correction scheme applied every ~10° s.*>* Yet, the
conductance of RuPBA, when programmed at the lower range (G < Gy), does not trend back
towards Gy because RuPBA does not rely on a redox buffer such as PEI This implies that, with only
mild loss of analog range, non-volatile programming in the range of 0.65-1.5 pS can still enable
efficient zn-sitn learning and retention for embedded biocompatible applications, with only minor
alterations to normal training needed (e.g.,, an array calibration step after each epoch to detect outlier
weights exceeding some threshold above Go, where they can be clipped/reset). As most neural
network weights are low significance (low-conductance), the hardware mapping for this scheme is
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natural and could lead to low overall error profiles at inference stage.” Meanwhile, the range clipping
would not be a major detriment to learning performance, since a compressed range of 6-8 bits
writable space is more than sufficient for most online learning applications using emerging non-
volatile memory devices™ >’ even when considering write noise in the loop.™
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Fig. 2. Li-RuPBA ECRAM performance. a, Channel conductance during pulsed programming at
ea = +1V/-1V for depression/potentiation at 0.75 ms gate pulse duration. b, Long term retention
of 5 programmed conductance states. ¢, Simulated performance for neuromorphic tasks. Error
bands represent standard deviation. d, Pulsed conductance programming with different channel
dimensions, as labelled. ‘Write Time’ represents the total time that voltage is applied to the gate.
Log-log plots showing relationship of channel area, 4, to e, switching times, Azyin, and £, switching
energies, AFmin, required to change the channel conductance by an average value of £1.0 nS. Inset
tables show values obtained by extrapolation of the linear fits (red lines). The durations of the
applied write pulses were 0.75 ms, 6 ms, and 10 ms in order of increasing area; this was done to
achieve roughly equal numbers of conductance states per ramp, ~70 states for each of the three
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devices. The channel length:width (L.:W) aspect ratio of devices for parts d-fis 1:7.5, keeping the
RuPBA film thickness constant at ~0.6 um. Error bars represent the standard deviations for parts e-
f. All measurements were performed under N, atmosphere at T = 300 K.

The channel conductance can be repeatedly cycled using 10° switching pulses without altering
switching characteristics. From this data, we evaluate online learning by simulating a hardware multi-
layer perceptron populated with RuBPA synapses. Due to the existence of a smooth, linear workable
region optimal for on-chip backpropagation,* the RuBPA synapse generally performs excellently in
the context of online learning. As shown in Fig 2c, on smaller tasks, such as the Iris flower
classification problem™ and the optical character recognition (OCR) task,”>” RuPBA synapses
achieve close agreement with ideal synapses (numerical). On larger neuromorphic tasks such as the
fashion-MNIST"® and MNIST task,” the gap between ideal and RuPBA devices diverges slightly
more. Overall, our results are comparable to those of other leading linear and symmetric nonvolatile
memory candidates.” #9062

The programming speed and energy efficiency of an ECRAM device depends on the
electrochemical current of the ‘write’ step when a gate voltage is applied to change the redox state of
the channel. Write currents should be minimized to reduce the energy cost.”” However, higher
faradaic write current densities should increase the ECRAM switching rate (faster charging). Fig. 2d
shows conductance vs. write time traces for three devices with different channel areas, A4, but a
similar length:width aspect ratio (L:WW = 1:7.5). The smallest device clearly operates more quickly,
completing 12 potentiation/depression cycles before the larger device can finish the first cycle. The
average times and energies required to switch the conductance by a magnitude of 1 nS are plotted
versus channel area in Fig. 5e-f (See Supplementary Information, section S4). The smallest device
achieves a switching time of 0.75 ms, comparable to the duration of action potentials in biological
neurons.” The relationships ate highly linear with log-log slopes of 1. From extrapolation, we
predict that RuPBA ECRAM devices of similar architecture with 100 nm channel length should
switch on the timescale of ~1 ns, much faster than biosynapses, with ~1 ] write energy, a lower
energy cost compared to ~10 f] per synaptic event in biological synapses.”’ We anticipate that
RuPBA devices fabricated with thinly layered channel/electrolyte/gate vertical architecture® would
significantly lower the electrolytic gating resistance and increase the overall switching efficiency.”

RuPBA undergoes reduction upon reaction with dopamine (DA), an important
neurotransmitter. Fig. 3a shows the design for a modified ECRAM device that allows DA to react
with the RuPBA gate while preventing direct reaction with the channel. Fig. 3d shows that the
device conductance decreases by AG when incrementally increasing the DA concentration, leading
to the dose-response calibration curve. (see Supplementary Information, section S5, for a more
detailed description of sensor operation). The RuPBA synapse achieves a 4 uM limit of detection,
comparable to PEDOT:PSS-based OECTs.*"**
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Fig. 3. Dopamine (DA) sensing with modified ECRAM cell. a, Sketch of modified device for
dopamine sensing. b, Illustration of dopamine release from vesicles of a presynaptic neuron (top) to
receptors of a postsynaptic neuron (bottom). ¢, Schematic of dopamine reaction with RuPBA in the
portion of the device gate enclosed by the well. d, Conductance trace during incremental additions
of dopamine and inset showing corresponding dose-response plot. In the inset, |[AG| = |G — Gyl ,
where Gy (= 4.85 pS) is indicated by the topmost dashed horizontal red line on the conductance
trace.

The sensitivity of RuPBA to dopamine establishes a basis to develop hybrid bio/artificial
synapses.” For successful bio-interfacing, neuronal cells should be able to grow and thrive on
RuPBA films. We find that cells seeded onto RuPBA films divide at a rate comparable to control
cells, and that their viability is as high as control cells. Optical and scanning electron micrographs of
the cells show interaction with and adherence to the RuPBA substrate. We conclude that RuPBA is
nontoxic and non-refractory to cell growth. The compatibility of RuPBA with live neuronal cells
signifies a promising first step towards utilizing electrochemical transistors to integrate biological and
artificial analog neural networks.

In-situ UV-Vis-NIR spectroscopy provides a means to probe the electronic structure of
RuPBA during electrochemical cycling. The film changes color from beige at the more reduced state
to blue grey at the more oxidized state. Fig. 4a shows the evolution of absorption spectra as a
RuPBA/ITO electrode is scanned from a fully reduced state at -0.2 V to a partially oxidized state at
1.0 V (versus Ag/AgCl wire). Following Behera et al., we assign the bands at ca. 30,000 cm™ and
6000 cm™ to the metal-to-ligand charge transfer (MLLCT) and intervalence charge transfer (IVCT)
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reactions, respectively.”” As the film is oxidized, the MLCT intensity decreases while the IVCT
intensity increases. Like the conductance vs gate voltage trend of Fig. 1c, the relationship of IVCT
absorbance to electrode potential in Fig. 4b is sigmoidal and reversible. The absorbance vs potential
response is consistent over multiple cycles in this 1.2 V potential window. Fig. 4c shows the
interrelationship of applied gate voltage, IVCT absorbance, and conductance when switching
conductance across four orders of magnitude in a RuPBA ECRAM device. The correlation of
conductance to IVCT absorbance signifies that the electronic conductivity of RuPBA is inextricably
linked to the rate of intervalence charge transfer.
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Fig. 4. In-situ UV-Vis-NIR absorption spectroscopy of RuPBA films during voltammetric cycling.
a-b, Results from cyclic voltammetry of RuPBA film on indium tin oxide (ITO)-coated glass in
contact with liquid electrolyte containing 1.0 M LiFSI dissolved in Pyr;sTESI, scan rate of 50 pV/s.
a, Overlaid spectra recorded as the potential, E, was scanned from -0.2 to 1.0 V (vs Ag/AgCl wire
quasireference electrode). b, Absorbance monitored at 6452 cm™, as taken from the 2™ scan cycle,
with the initially recorded open circuit potential at equilibrium, ‘initial state’, marked by the gray
dashed lines. ¢, Measurements of the conductance and IVCT absorbance in the channel region of an
ECRAM device after potentiostatic charging at varied gate voltages (1/). Conductance is shown on
a logarithmic scale. Inset image on the conductance plot shows the optical path from the tungsten
halogen light source through the device channel.

When extending the applied potential to 1.4 V, we observe an additional trend in the IVCT
region of the UV-Vis-NIR spectra. The lowest energy maximum at ca. 6450 cm™ follows the trend
as discussed above from -0.2 to 1.0 V, but then decreases in absorbance from 1.0 to 1.4 V. The
absorbance at ca. 13,000 cm™, however, continues to increase as RuPBA undergoes oxidation to 1.4
V. The two observed trends reveal that two distinct IVCT processes occur in RuPBA, and that the
absorbance of the lower energy IVCT correlates with conductivity.

The strong correlation of IVCT absorbance with conductivity supports a mechanism whereby
electronic transport in RuPBA occurs through adiabatic intramolecular CT reactions. As shown in
Fig. 5a, deconvolution of the UV-Vis-NIR spectrum for a film of the as-synthesized RuPBA (as-
RuPBA) suggests at least seven different overlapping optical absorption bands in the wavenumber
(v) range of 35,000 to 4,000 cm™, consistent with the previous report.”” We assign the two lowest
energy bands at ca. 8400 cm™ (1.0 eV) and 5100 cm™ (0.6 €V) to two different IVCT transitions, as
depicted in Fig. 5a. The higher energy band IVCTxx) corresponds to electron transfer from N-
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coordinated Ru (N-Ru) to its nearest neighbor, C-coordinated Ru (C-Ru), as separated by the
cyanide bridge. The lower energy band (IVCTcp) corresponds to ‘cross-pore’ transfer between two
N-coordinated Ru"/Ru™ redox pairs. Our interpretation of these two separate IVCT bands agrees
with that of isolated trinuclear and tetranuclear CN-bridged Ru complexes.”” " Both IVCT bands
are best fit using an asymmetric peak shape, which indicates that the s-RuPBA fits in a transition
regime of electronic delocalization according to Robin-Day classification,” exhibiting properties
typical for both class 2 (semiconductor) and class 3 (metallic) systems, or the so-called “class 2B”
system.” In contrast, PB belongs to the class 2A regime involving more localized charges.”
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Fig. 5. Interpretation of optical charge transfer bands from UV /Vis/NIR absorption spectrum of
RuPBA. a, Reduced absorption spectrum and fitted asymmetric gaussian peaks, highlighting two
different IVCT bands for transfer between nearest neighbor cyanide bridged Ru centers (IVCTx)
and cross-pore between N-coordinated Ru centers (IVCTcp), as depicted in the inset scheme. The
absorbance is divided by » to accurately determine the reorganization energy and coupling in accord
with theory.” b, Schematic representation for potential energy surface diagram of IVCT based on a
three-state model. Red dashed lines labeled A, B, and C convey three parabolic overlapping diabatic
energy surfaces, where the energy minima for A,B are equivalent and occur at X = 0,1. The higher
energy minimum for C occurs at X = 0.5. Blue lines labeled 1, 2, and 3 represent the adiabatic states
resulting from electronic coupling between N-coordinated donors, acceptors, and
hexacyanoruthenate bridge states. The IVCTcp product and reactant states are of equivalent ground

state energy due to symmetry. The third possible state (state 3), formed from IVCTnn, is
thermodynamically disfavored. E?PNand Egg represent v for the deconvoluted peak maxima of

IVCTxn and IVCTep, respectively.

The effective donor-acceptor coupling, Hes, and activation energy, E.*, were determined based on
the IVCTcp peak energy and shape following an equivalent two-state model® for the three-state

system depicted in Fig. 5b. The fit of the IVCTcp band for as-RuPBA gives E(C)g =1=0.64eVanda
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large coupling, Her = 0.22 eV; this leads to E.* = 16 meV, which is less than & at room
temperature. The IVCTcp rate constant, £, is then

ke = wvgexp(-E, %/ kgT) (1)

where # is the probability of electron transfer at the configuration coordinates (X) when the
activation batrier is minimized and », is a nuclear vibration frequency,” here assigned as the cyanide
bridging ligand vibration (ca. 2130 cm™) shown in Extended Data Fig. 7, giving ., = 6.4x10" s
The calculated electronic frequency™® (za = 1.0X10" s is much higher than »,, such that x is
essentially unity, as expected. This leads to a very fast rate constant of £« = 3X10" s, only slightly
lower than »,, further supporting a Robin-Day class 2B assignment for as-RuPBA, but very close to
class 3 delocalization.” The 4. value cortesponds to an IVCT timescale of 30 fs, which is within the
sub-picosecond range measured for CT in PBAs by time-resolved spectroscopy.” "

Rosseinsky and coworkers presented a simple expression for IVCT-based conductivity of PB
following the treatments described by Austin-Mott and Robin-Day.®® ™™ We propose a similar
relationship below.

0= péd k)25 T = eppn 2)

Here, the conductivity (0) depends on the number density of hole charge carriers (p) and the distance
between reactant centers (d). For IVCTecp, the shortest distance between N-Ru centers is 4 = 7.4 A
based on the XRD pattern of RuPBA (Extended Data Fig. 8a). Eq. 2 also shows how 4. and 4 relate
to the hole mobility; u, = ed *ke/24sT. For as-RuPBA, u = 4 cm®/(V's), which is comparable to that
reported for PEDOT:PSS.” Because both IVCTcp absorbance and conductivity increase as the
RuPBA partially oxidizes, we propose that p must relate to the concentration of mixed valence N-Ru
sites, as depicted in Fig. 5. The maximum carrier concentration occurs when the valence mixing is
1:1 ILIII between N-Ru centers, corresponding to a net mixing of 3:1 IL:III for all Ru centers,
assuming an ideal defect-free lattice.

Closer analysis of the spectra in Fig. 4a reveals that the IVCT band manifold not only
increases in absorbance, but also shifts by more than 0.3 eV to lower energy throughout the course
of oxidation from f~RuPBA to the most conductive mixed valence state at 1.0 V, signifying that A
and E.* decrease while 4. and u increase (see Supplementary Information, Section S0).
Spectroscopically determined parameters at varied E (Extended Data Table 1) indicate that mobility
increases from 1 to 4 cm®/(V's) when oxidizing RuPBA over a small potential range from E = 0 to
0.1 V. However, the mobility does not vary significantly at potentials between 0.1 V and the most
conductive state (E = 1.0 V), implying that the increasing carrier concentration from oxidation is the
sole contributor to conductance switching in the [ range roughly between 0 and -0.5 V (Fig. 1c¢).
The trend of increasing, constant, then decreasing mobility during partial oxidation of fi~-RuPBA
agrees well with the interpretation of the transfer curve above (Fig. 1c).

The partial density of states (pDOS) computed by DFT for different oxidation/lithiation states of
RuPBA is shown in Fig. 6. The ‘fully reduced,” ‘partially reduced’, and ‘neutral’ forms correspond to
compositions of Li.Rus[Ru(CN)g|2, where x = 4, 3, and 2, respectively. The partially reduced form
(pr-RuPBA), as depicted in Fig. 1a, is predicted to have a direct band gap of 0.50 eV, matching the
experimentally determined IVCTcp maximum for the most conductive state. Such agreement
between computed band gap and measured IVCT excitation energy was also reported for PB.” The
fully reduced form is predicted to have a large band gap (4 eV), comparable to the energy of the
observed MLCT band (hvm.x ~ 4 €V). The calculated hole effective masses (74) for RuPBA range
from 0.4 to 0.7; these values are similar to known semiconductors such as p-type germanium.”” The
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smallest #z value corresponds the p~RuPBA state. Based on scattering theory (see DFT
Computation for details), we predict a hole charge mobility for p-RuPBA of 5 cm®/(Vs), which is
in remarkable agreement with our experimental estimate of 4 cm®/(V+s) from the MHT analysis
above. The pDOS for pr~-RuPBA reveals a delocalized electronic structure, but valence and
conduction band states closest to the Fermi energy remain primarily associated with N-Ru sites. This
suggests that the lowest energy excitation is between N-Ru sites, which agrees with our
interpretation of the IVCT spectra (Fig. 5). Thus, both band and electron transfer theories support a
mechanism whereby the electrochemically tunable degree of mixed valency between N-Ru centers
directly relates to charge carrier concentration.

Neutral Partlally Reduced Fully Reduced
6 5 - F e — Total
= = = 5 Ru-N
4 I Ru-C
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Fig. 6. DFT calculated band structures and density of states of RuPBA in the neutral, partially
reduced and fully reduced states.

The 2, values for PB are larger than those of RuPBA, ranging from 1.3 to 2.9, in agreement with
previously published values,” which is consistent with the predicted flat bands and localized states
(Fig. S8), and in agreement with measurements by Long that showed RuPBA is substantially more
conductive than PB.” The differences between PB and RuPBA band structures primarily arise from
their different electron spin configurations. Unlike the high/low spin configuration of PB,” both N-
coordinated and C-coordinated metal atoms of RuPBA are low spin, allowing for better energy
alignment between neighboring Ru atoms and a more delocalized electronic structure.

The estimated mobilities presented above specifically refer to electron-hole transport within the bulk
CN-bridged framework. Assuming a hole density (p) of ca. 10°" cm”, we estimate a bulk crystal
conductivity greater than 100 S cm™ for the most conductive state (p7~RuPBA), which is ~10,000
times greater than the measured maximum conductivity. The inkjet-printed films, however, are
composed of RuPBA nanocrystals. Measurements of DC conductivity as a function of temperature
for as-RuPBA give an activation energy of 0.18 eV, which is much higher than the activation
energies estimated above from spectroscopy. CT across grain boundaries likely plays a limiting role
in the observed film conductivity.” Importantly, this activation energy is roughly %4 of the measured
reorganization energy for the IVCTcp band (A = 0.64 eV), consistent with very weak coupling and
polaron hopping’™® between charge-localized N-Ru centers at the interfaces between neighboring
nanoctrystals. We propose that electronic coupling is much weaker across grain boundaries due to
the absence of NCRuCN bridges between N-coordinated Ru centers.

Towards understanding the femtosecond to nanosecond timescale dynamics governing electron
transfer in RuUPBA, we performed ultrafast UV/visible transient absorption spectroscopy following
excitation of the metal-to-metal charge transfer transition (MMCT). These experiments used a 780
nm pump pulse to excite the MMCT transition and a white light continuum probe pulse that
spanned visible wavelengths to measure the excited state UV/vis absorption at a range of time
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delays following MMCT excitation. The time evolution of the UV/vis absorption can yield insights
into excited state charge transfer and relaxation dynamics. For the measurements, the Au wires
were not connected to a potentiostat. We performed 780 nm pump — white light probe transient
absorption spectroscopy at different sample positions to attempt to disentangle the dynamics due
to the electrolyte and Au wires from the dynamics specific to RuPBA. Analysis of the preliminary
results showed that the 780 nm pump is exciting both the MMCT transition in RuPBA and, perhaps
to a smaller extent, the plasmon resonance of the Au wires. A power dependence study of the
measured spectral features yielded an unphysical 1.5-photon dependence across a wide range of
780 nm pump powers, corroborating that different excitation processes may be contributing to the
observed signal. Future work will require a redesign of the specimen holder to avoid Au
interference, as well as the ability to perform these measurements in the near IR to probe the IVCT
dynamics.

19



5. SUMMARY OF EXPERIMENTAL AND COMPUTATIONAL METHODS

All reagents and solvents were purchased from Sigma-Aldrich unless otherwise noted. All
water was filtered and deionized to 18.2 MQ-cm resistivity before use (PurelLab flex filtration system,
ELGA LabWater). Custom-designed shadow masks for e-beam deposition were purchased from
Stencils Unlimited, LLI.C.

Synthesis of RuPBA. RuPBA was synthesized following the hydrothermal method reported by
Long and coworkers.”” Ruthenium(III) acetylacetonate, Ru(CsH-Oz);, (0.500 g, 1.24 mmol) was
added to a 20 mL aqueous solution containing 0.260 g (0.310 mmol) of potassium
hexacyanoruthenate(Il), K4yJRu(CN)g|. The mixture was stirred for 1 hr at room temperature and
subsequently transferred to a 45-mL PTFE-lined acid digestion vessel (Parr, model 4744) and heated
at 175 °C for 96 hr. The resulting black precipitate was isolated by centrifugation and washed three
times with 70 mL of water. To remove Ru(CsH-Oy); starting material and potential organic
byproducts, the precipitate was rinsed once with 70 mL acetone, three times with 40 mL toluene,
and three additional times with 40 mlI. acetone, using a sonication bath to redisperse the sample in
each rinsing solvent and a centrifugation rate of 6000 rpm to collect the precipitate. After rinsing 5
times with 40 mL aliquots of water by sonication and centrifugation (8700 rpm), the final precipitate
was redispersed in water and separated into two equal portions. The portion for XRD and elemental
analysis was isolated by centrifuge and dried at 60 °C for two days before characterization. Found
composition (weight %): K, 6.9; Ru, 45.7; C, 17.6; N, 15.1; H, 1.9. The second portion was isolated
by centrifuge and redispersed in DMF to give a 10 mg/mL suspension for preparation of the
RuPBA ink.

Preparation of RuPBA ink. Cyclohexanol (2.5 mL) was added to a 5 mL aliquot of 10 mg/mL
RuPBA suspension in DMF and sonicated for 10 min. The resulting suspension was centrifuged at

2500 rpm for 5 min to collect and discard large RuPBA aggregates. The remaining suspension, ~4
mg/mL RuPBA in 2:1 DMF:cyclohexanol (v:v), was used as the RuPBA ink.

Preparation of 1i ionogel ink. Lithium bis(fluorosulfonyl)imide, LiFSI, (2.035 g) was dissolved in
10 mL of 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PryisTFSI) ionic liquid
by stirring overnight in an Ar-filled glovebox to give a 1.0 M LiFSI in Pry, TFSI. Preparation of the
sol-gel precursor for the ionogel ink was based on the method described by Dunn and coworkers.*
A 300 pL volume of tetraethylorthosilicate (TEOS) was added to 300 pL of triethoxyvinylsilane
(TEVS) and sonicated for 15 min. While under sonication, 300 uL of formic acid was added to the
TEOS/TEVS mixture and allowed to sonicate for 15 min to give the sol-gel precursor. A 550 pL
aliquot of the sol-gel precursor was then added to 450 ul. of the ionic liquid (1.0 M LiFSI in
Pry1sTFSI) and sonicated 15 min to give a clear solution, which was subsequently diluted with 1 mL
ethanol for use as the Li ionogel ink.

Preparation of protic ionogel ink. A solution containing 17.6 wt%o protic ionic liquid
(diethylmethylammonium trifluoromethanesulfonate, DEMA:T{O, 98%, IOLITEC), 4.4 wt%
poly(vinylidene fluoride-co-hexafluoropropylene), and 78 wt% dimethylacetamide (DMA) was
prepared by sonication and subsequently diluted by a factor of 4 with additional DMA solvent.

ECRAM device fabrication. Gold electrode patterns for ECRAM devices and Van der Pauw
samples were fabricated on nanosilica-coated polyethylene terephthalate (PET) printing media
(Novele™, Novacentrix) via e-beam evaporation using custom-designed shadow masks (Stencils
Unlimited) by depositing 5 nm Ti adhesion layer, followed by 150 nm Au top layer. RuPBA and
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ionogel layers were printed over the Au-patterned PET substrates using a Dimatix Materials Printer
(DMP-2850) with DMC-11610 ink cartridges. Removable Scotch tape was used to adhere the
backside of the PET substrate to an SiO»-coated Si wafer. The fiducial camera of the DMP was used

to precisely align the RuPBA prints to the Au electrode pattern array.

RuPBA films for ECRAM devices were printed using a cartridge temperature of 29 °C and
substrate temperature of 55 °C. Device channels were printed with one jet nozzle at 20 um drop
spacing for optimal film quality and feature resolution, with a total of 10 print cycles. Channel films
included ~75 pm of overlap with the Au contacts. For the device gates, 15 RuPBA print cycles were
performed using 11 nozzles at a drop spacing of 31 pm. Two-minute rest periods were inserted in
between prints for each device row to keep the cartridge temperature from exceeding 32 °C, which
was found to help prevent nozzle clogging. The resulting RuPBA films were then dried at 60 °C for
at least 48 hours. After realignment of the substrate, ionogel films were printed at room temperature
with 20 pm drop spacing using 3 jetting nozzles and at least 6 print layers to ensure full coverage.

ECRAM devices for dopamine sensors included an additional 4 by 4 mm area to the gate to
serve as the base of the reservoir for the dopamine solution. For these devices, RuPBA was printed
over the entire area of Au gate electrode and the channel region, similar to the other ECRAM
devices. The ionogel was printed over the region shown in Fig 3a, leaving a 4 by 4 mm RuPBA/Au
region without ionogel coating. An acrylic adhesive backed plastic well was fabricated by laser
cutting and attached to the device. The well was initially filled with 25 pL. of 0.1 M sodium
phosphate buffer, pH 5.5. A pipet was used to incrementally add 1 uL aliquots of the dopamine
solution (0.1 mM dopamine hydrochloride, 0.1 M sodium phosphate buffer, pH 5.5) to the
reservoir.

X-ray diffraction. Powder x-ray diffraction measurements were performed on a PANalytical
Empyrean diffractometer and operated at 44 kV and 40 kA using Cu K« radiation (\= 1.5406 A). A
reflection-transmission spinner was used as a sample holder and the spinning rate was set at 4 rpm.
The patterns were collected in the 20 range of 5 to 75°, and the step size was 0.026°.

X-ray photoelectron spectroscopy. Samples for x-ray photoelectron spectroscopy were prepared by
dropcasting the RuPBA ink on a Au-coated SiO,/Si substrate. The spectra were acquired using Al
K.: 1486.6 eV source and monochromator (Scienta Omicron, Inc., XM 1000Mkii) under ultrahigh

vacuum.

RuPBA film conductivity and ECRAM pulsed-programmiing measurements. Electrical measurements
of Van der Pauw samples and pulsed conductance tuning of ECRAM devices were performed under
N2 atmosphere at slightly reduced pressure (~600 torr) and controlled temperature using a probe
station and temperature controller (Lakeshore). Sheet resistance measurements were performed with
a Keysight B1500A semiconductor device analyzer to obtain conductivity based on the measured
film thickness. Current-voltage recordings were also performed at each temperature to make sure
the response remained ohmic.

Pulsed programming and state retention testing of ECRAM devices was performed using a
custom LabVIEW waveform generation program, as previously described,™** to control analog
voltage outputs and record input current to an NI-DAQ PCle-6363 at 10 kHz sampling. To switch
the ECRAM device gate to open circuit during the ‘read’ steps, a CMOS analog switch (MAX327,
MAXIM Integrated Products) was implemented and powered by a dual output DC power supply
(E3620A, Keysight). A low-noise current amplifier (FEMTO, DLPCA-200) was used to measure the
current at 10° V/A gain and 200 kHz low-pass analog filter. The gate charge, AQ, resulting from
trapezoidal numerical integration function in MATLAB 2019.
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Cell Culture. Neuro2a cells were purchased from ATCC (CCL-131) and cultured in high-
glucose DMEM (Fisher Scientific #11995073) with 10% Fetal Bovine Serum (FBS) (Seradigm
Premium Grade, Avantor) and 1% Penicillin/Streptomycin (Thermo Fisher #15140122). Cells were
grown at 37 °C and 5% CO; and passaged/hatrvested using Trypsin-ehylene diamine tetra acetate
(Fisher Scientific #25300120).

Growth and Viability Assays. A 1 mg/mL aqueous dispersion of RuPBA was spotted onto
wells of a 24-well plate (200 ul per well) and allowed to dry at room temperature for 1 hour. Cells
wete seeded at densities of 10,000, 25,000 and 50,000 cells/well in quadruplicate, and allowed to
grow for 3 days, either in the presence or absence of RuPBA. At the end of 3 days, cells were
harvested, stained with Trypan Blue (1:1 ratio, incubated for 5 minutes at room temperature) and
counted using the BioRad TC20 Cell Counter. Pictures of the cells on the RuPBA substrate were
taken using brightfield imaging with the EVOS M5000 imaging system (at 200X magnification).

Cells were prepared for scanning electron microscopy as previously described.** Briefly, cells
were plated on Nunc Thermanox coverslips (Thermo Fisher #150067) and grown for 3 days in
media with 10% FBS (see above). The coverslips were then fixed in 2.5% glutaraldehyde (Fisher
Scientific #02957-1) at room temperature for 30 minutes, washed 3 x 2 minutes with rinsing buffer
(phosphate buffer), and post-fixed with 1% osmium tetroxide (Sigma #20816-12-0). After another
2-minute wash with rinsing buffer and 2 x 2-minute washes with deionized water, the coverslips
were dried with anhydrous ethanol. Samples were then dehydrated using a CO; critical point dryer,
sputter coated with ~1 nm Au, and imaged using a FEI Nova scanning electron microscope at 5 kV
accelerating voltage.

All spectroelectrochemical measurements were performed using a BiolLogic SP-300
bipotentiostat. In-situ UV-Vis-NIR spectroscopic interrogation of RuPBA films on I'TO-coated
glass slides (Sigma Aldrich) was performed using a JASCO V-770 spectrophotometer equipped with
an integrating sphere. The spectroelectrochemical cell consisted of inkjet-printed RuPBA on ITO-
coated glass (working electrode), a gold wite (counter electrode), a Ag/AgCl wire (quasireference
electrode), and a quartz window in a custom-designed Teflon cell with rubber gaskets to seal
electrolyte. The electrolyte contained 1.0 M LiFSI dissolved in Prys TFSI.

The electrochromic cell shown in the Video S1 of the Supplementary Information was
constructed using two FTO-coated glass electrodes, each with inkjet-printed RuPBA films, and
double-sided Kapton tape to seal the 1.0 M LiFSI in Pry4TFSI electrolyte between the two
electrodes. The working electrode consisted of square shaped RuPBA printed film of 2.25 cm” area.
The printed RuPBA area of the counter/reference electrode was a squate frame with inner and outer
square edge lengths of 3 and 4 cm (7 cm” frame area).

In-situ NIR absorption spectra of ECRAM devices were acquired with an NIRQuest+2.5
spectrometer from Ocean Insight. Fiber optic cables for 400-2400 nm wavelength range (Thorlabs,
AFS50/125Y) were used with collimating lenses to direct the beam path of the tungsten-halogen
light source through the ECRAM device using an adjustable stage for film transmission
measurements (Stage-RTL-T, Ocean Insight). Blank reference measurements were performed by
positioning the light beam (~0.2 mm cross-sectional diameter) at an area of the ECRAM device that
included the glass microscope slide, PET substrate, and ionogel, but not RuPBA. The sample was
then repositioned to pass the incident light through the middle of the RuPBA channel. Constant
potentials were applied to the gate for 725 s using a BioLogic SP-300 bipotentiostat. Afterwards, the
gate was set to open circuit and the channel conductance was monitored while simultaneously
recording spectra (0.5 s integration time, 10 scans averaged for each spectrum).
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In-situ Raman spectra were acquired with an inVia™ Raman microscope (Renishaw) using a
633 nm laser at 0.1% power. Using a 50X objective, the beam was focused to an area where the
RuPBA channel film coats one of the Au contacts. The plasmonic enhancement from Au was found
to be necessary to achieve sufficient signal. Acquisition settings: 50 s exposure time, 60
accumulations (3000 s total acquisition time per spectrum).

DFT Computation All density functional theory calculations were performed using the Vienna
ab initio simulation package (VASP).* The geometry and electronic propetties were predicted using
the hybrid HSE06 exchange-correlation functional within the spin polarization formulism. The
planewave basis set energy cut-off was set to 500 eV and a 3x3x2 k-point grid was using during
geometry optimization (atomic positions and cell volume). The geometries were optimized until all
forces were below 0.02 eV/A. A single-point calculation was then preformed, with a k-point grid of
6x0x4, to determine the density of states. The band structures and hole effective masses (msy) were
determined using AMSET® which depends on BoltzTrap2® for interpolation. Seekpath® was used
to determine the high symmetry band paths; note, some paths have been omitted in Figures 6 and
S9 for aesthetics reasons because they looked visually similar. The lowest my, determine via AMSET
at gamma are reported. Three oxidization states were considered for both PB and RuPBA; fully
reduced (f7), partially reduced (pr), and neutral. The different oxidization states were achieved by
varying the number of Li atoms (4, 3 and 2 Li atoms respectively; note, PB calculations were
performed with K in place of Li). An orthorhombic unit cell was used containing 4 Ru (see Fig. S7
of Supplementary Information) which is the smallest system allowing for a prstate to be represented.

The hole charge mobility was calculated for p~RuPBA with the PBEsol+U functional using
a Hubbard U value of 4.0 eV (resulting band gap is in good agreement with HSE06). The
planewave basis set energy cut-off was set to 500 eV and a 4x4x3 k-point grid was used during
geometry optimization; the geometry was relaxed until all forces were less 0.0005 eV/A. The elastic
constants, effective phonon frequency, static and high-frequency dielectric constants and
deformation potential were calculated at the same level on theory. A signal-point calculation using a
denser k-point mesh, 8x8x0, was used to obtain the wave function coefficients and for band
structure interpolation. These properties/calculations were used to determine acoustic deformation,
ionized impurity, and polar optical phonon scattering. The reported hole mobility is calculated for a
carrier concentration of 1.8x10* cm™ which corresponds to 1 carrier per unit volume. The charge
mobility calculation was performed using AMSET®.
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6. CONCLUSIONS AND OUTLOOK

We have shown that the class of active materials for electrochemical transistors extends well
beyond extensively studied organic polymers and transition metal chalcogenides into the realm of
extended coordination frameworks like RuPBA. Our findings open a window to study
electrochemically tunable conductivity in related mixed valence coordination structures such as other
PBAs, coordination polymers, and metal-organic frameworks. Two different theoretical approaches,
electron transfer theory and Boltzmann transport theory, independently predict similar carrier
mobilities within the RuPBA bulk. Our spectroscopic analysis emphasizes that the Marcus-Hush
model is not only applicable to CT kinetics in small molecules, but also provides physical insight into
mixed valence conductors that belong to the Robin-Day class 2-3 transition regime,” * exhibiting
characteristics of both intervalence hopping and band-like transport due to an intermediate degree
of electron delocalization. Both theoretical treatments also support the proposed IVCTcp transport
pathway. We anticipate major improvements to ECRAM and other electronic applications as devices
are made smaller and look forward to taking advantage of RuPBA’s sensitivity to neurotransmitters
to achieve communication between biological and artificial neurons.
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