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Data-driven optimal structure exploration has become a hot topic in materials for energy-related devices.
However, this method is still challenging due to the insufficient prediction accuracy of material properties
and large exploration space for candidate structures. We propose a data trend analysis system for materials
using quantum-inspired annealing. Structure—property relationships are learned by a hybrid decision tree
and quadratic regression algorithm. Then, ideal solutions to maximize the property are explored by
a Fujitsu Digital Annealer, which is unique hardware that can quickly extract promising solutions from the
ample search space. The system's validity is investigated with an experimental study examining solid
polymer electrolytes as potential components for solid-state lithium-ion batteries. A new
trithiocarbonate polymer electrolyte offers a conductivity of 107® S cm™ at room temperature, even
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DO 10.1035/d3ra01982a though it is in a glassy state. Molecular design through data science will enable accelerated exploration

rsc.li/rsc-advances of functional materials for energy-related devices.

Exploring an ideal material structure, X, with a given
parameter, y, is called an inverse problem.**?** It has become

1 Introduction
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Data-driven materials exploration has become a key technology
in materials science.”” Unlike human researchers, computers
can obtain an overview of huge material structure databases
and extract universal trends. New photoluminescent
compounds,* solar cell components,® battery electrolytes,*” and
energy-related materials have been extracted through data
science.**** In silico material screening is expected to accelerate
research cycles and also is compatible with automated
experiments.

Artificial intelligence-based material screening consists of
three main steps: (1) database construction, (2) structure
exploration, and (3) experimental investigation (Fig. 1a).>*®*
The most challenging part of informatics is efficient structure
exploration. Promising candidates must be extracted from the
limited number of existing material datasets. An accurate
prediction model must be constructed, and the exploration
system must find reasonable structures from a huge search
space of materials. For example, there are potentially more than
10°° types of structures for organic compounds, but regular
computers cannot explore each candidate in a reasonable
time.?*??
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easy to construct a normal prediction model y = f(X) with
conventional machine learning models implemented in, for
example, scikit-learn libraries.*® In contrast, the construction of
the inverse function, f 7, is still difficult due to scientific and
technological challenges. First, the relationship between X and
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Fig. 1 (a) Scheme of material exploration by artificial intelligence. (b)

Protocol to extract candidate molecular structures by quantum-
inspired annealing in this work.
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y is not bijective; specific material structure X determines
property y, but there can be many materials that may have the
same ).>*?® Therefore, most studies use forward function f and
examine different X to search better structures with optimal
y.%>'® The second problem is that even defining prediction
model f is difficult, especially in experimental projects where
trainable databases are smaller.® Every model contains predic-
tion errors due to insufficient trainable data and the approxi-
mation of prediction algorithms. Third, extensive forward
prediction with different structures X takes a long time due to
the astronomical number of candidates, and thus the explora-
tion space must be carefully reduced.>***

Several algorithms have been proposed to solve inverse
problems for materials. Deep reinforcement learning searches
for suitable structures that satisfy specific target properties, and
these algorithms are often developed for organic molecules,
especially drugs.” The exploration space is often reduced by
specifying the pre-trained molecular structures in the deep
learning models.**” Another deep learning algorithm, chemical
autoencoder, reversibly converts chemical structures to
continuous vectors,*>**?*? and structure exploration becomes an
optimization problem in the multidimensional vector space.*
Recently, quantum annealing and the hardware that it has
inspired have been used to explore large search spaces effi-
ciently by superparallel computing.>*>"3*3*

Despite major algorithmic and hardware developments, most
technologies still have gaps for experimental molecular screening
projects. The difficulties arise not only from insufficient predic-
tion accuracy of a target parameter, but also from molecule
filtering by practical criteria.”® Molecules must satisfy good
synthetic accessibility, stability, safety, cost, and other parame-
ters.” Individual modules have been developed to evaluate the
parameters, especially for drugs, but effective integration has
been difficult due to problems with prediction accuracy and
computational cost.**** Considering the current technical level of
molecular screening for materials science, the suggestions may
be used as indicators rather than exact solutions.

Here, we demonstrate a molecule exploration system that
provides a near-ideal design for molecules to improve a specific
parameter, y (Fig. 1b). A forward prediction model of y = f(X)
was constructed from a structure-property relationship data-
base of organic functional molecules. Then, the ideal vector, X,
was searched for by a Fujitsu Digital Annealer, which is
quantum-inspired annealing hardware.*** The hardware over-
comes the intrinsic difficulties of real quantum machines, such
as the limited dimensions of the search space and the restric-
tion options during computation, but its computation time is
reasonable (about 1 to 10 s). Comparing ideal X with existing
molecules revealed essential features for improving the perfor-
mance of materials. The exploration system was used to design
a new solid-state polymer electrolyte for lithium-ion batteries.
An emerging trithiocarbonate design for the electrolyte yielded
a room-temperature conductivity of over 107® S em™" and a high
glass transition temperature of 100-125 °C. The quantum-
inspired annealing algorithm may help researchers design
other functional materials for energy-related devices and
accelerate research and development.
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2 Experimental section
2.1 Molecule exploration by quantum-inspired annealing

2.1.1 Database preparation and data conversion. We used
our open database and program for lithium-ion conducting
polymers and electrolytes, which were developed in our
previous work.>® The database and code for processing elec-
trolytes into molecular descriptors are available in an open
repository (https://github.com/KanHatakeyama/ion_predictor).
The database contains tens of thousands of electrolyte data at
various temperatures. An electrolyte consists of single or
multiple chemical structures, and several hundred composite
electrolytes are maintained in the database. In this work,
electrolyte data measured at room temperature (20-30 °C)
were extracted, reducing the records to ca. 200. It is essential
to consider the large changes in ionic conductivity within the
range of 20-30 °C. In this study, we did not apply data
processing due to the small differences in measurement
temperatures across the literature. Instead, we used the
reported values directly. Although excluding the temperature
factors may affect the reliability of the predictive model, we
believe that it does not affect the overall results substantially
because we used the model primarily for examining the
general structure-property relationships rather than precise
predictions.

The chemical structures, recorded as simplified molecular
input line entry system (SMILES) strings, were converted into
about 200-dimensional numerical descriptors by the RDKit
module.*® During data processing, up to six compounds were
extracted in order of weight per electrolyte, resulting in an
approximately 200 x 6 = 1200-dimensional vector. The
compound information expressed as the vector was treated as X
and the logarithmic ionic conductivity was set as y. For machine
learning, the dimensionality of X was reduced to about 200 by
dropping columns with the same values in all different records.
The variables were standardized as z-scores.

2.1.2 Building regression model y = f{X). The conductivity
prediction model, y = f{X), was built by different approaches. The
baselines were a random forest regression (RFR; implemented by
scikit-learn 1.0.2), the Ridge linear model, and a quadratic
regression model. Default hyperparameters were chosen unless
noted otherwise. RFR is a powerful model that provides good
predictive performance with versatile databases. Ridge is a stan-
dard linear model with L2 norm. A quadratic model operating
with L2 norm was chosen because of the nature of quantum
annealing. The main hyperparameters of alpha for L2 norm and
tree depth for RFR were optimized via the 10-fold cross validation
with the training dataset (Table S1t).>”*

Quantum annealing hardware solves quadratic uncon-
strained binary optimization (QUBO) problems. Solutions that
give the minimum in eqn (1) should be explored.****3

= Zh,xi + ZJ,;,xixj (hi, Ji; : const.) 1)
i

i#j

If we build a quadratic regression model according to eqn
(1), the quantum annealer finds a solution, Xjqea, that
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maximizes y predicted in the equation. However, Xjgea is not
easily found with normal nonlinear models, such as RFR.

Quadratic terms J;; in the quadratic model were generated by
randomly selecting 500 interactions between x; and x;. The
Ridge algorithm was selected to determine the coefficients.
Although the factorization machine algorithm can prepare
adequate quadratic interaction terms with low computational
costs,® it cannot be used in this work because continuous
variables are used for x;, whereas the algorithm only uses binary
data as the inputs.

Quantum annealers also only use binary inputs. Thus,
a continuous variable, x;, was expressed as 10 bit data (unary
method, eqn (2)). Constant cyin« Was set so that x; could take
between the maximum and minimum values of the training
data.

x; = E ChinkXbink + Coino Coing : constant and xpix = 0,1 (2)
k=1

Normal quantum annealers have difficulty in solving these
problems because the number of assigned variables is large,
and the applicable interactions, (i,j), are limited due to hard-
ware problems.* In contrast, the third-generation digital
annealer can solve up to 100000 bits with arbitrary interac-
tions,** which is suitable for the current work.

Here, a new regression model was developed that is
compatible with the annealer (Fig. 2). The algorithm consists of
a decision tree and several quadratic regressors. The tree cate-
gorizes the input into different groups according to the
magnitude of y. The depth of the tree was set to two, and the
training data were categorized into three groups automatically.
Then, individual quadratic models were generated for the
different groups. Compared with ordinary quadratic regression,
the hybrid model can handle data that is more complex because
of the tree. A previously reported tree-linear hybrid model
(linear tree)* was not used due to the excessive training time for
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tree samples =2722
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Fig. 2 Hybrid regression model of decision tree and quadratic
regressions.
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high-dimensional data. The third-generation Fujitsu Digital
Annealer natively handles the constraint conditions generated
by the decision tree, whereas normal quantum annealers only
input pure QUBO data.

2.1.3 Extraction of chemical structures close to ideal solu-
tions. Solutions Xjg., giving large y were explored from the
QUBO data generated by the hybrid model. Then, the binary
data were converted into continuous variables by eqn (2). By
calculating cosine similarities between Xjqea and vectors in the
existing datasets, chemical structures close to the ideal solu-
tions were extracted. The extracted structures were expected to
have essential features for achieving high conductivities. From
the analysis data, the trithiocarbonate design was extracted as
a candidate structure for solid polymer electrolytes. The
screening process is described in the Results and discussion
subsection “Chemical structure exploration using quantum-
inspired annealing”.

2.2 Examination of a trithiocarbonate-based polymer
electrolyte

2.2.1 Polymer synthesis. All chemical reagents were used
as received unless otherwise noted. Poly(trithiocarbonate-
substituted methacrylate) (PTCMA) designed as
a matrix for a lithium-ion conducting polymer electrolyte.
The polymer was synthesized according to a previous report
with modifications.** The monomer (0.73 g, 3.10 mmol),
N-methyl-2-pyrrolidone (3.8 mL, Tokyo Chemical Industry
Co.), and 2,2-azobis(2-methylpropionitrile) (15.6 mg,
0.10 mmol, Tokyo Chemical Industry Co.; recrystallized from
methanol before use) were added to a 10 mL round flask and
freeze degassed. The mixture was stirred at 60 °C for 24 h to
allow radical polymerization to proceed. After the reaction
was complete, the product was purified by precipitation in
methanol and dried in a vacuum overnight to afford PTCMA
as a yellow powder (M, = 3.2 x 10* M, = 5.9 x 10%
M,/M, = 1.8, 82% yield). Differential scanning calorimetry
(DSC) estimated the glass transition temperature to be
around 117 °C, which was comparable to a previously re-
ported value of 121 °C.**

2.2.2 Electrolyte examination. Samples were prepared in an
argon-filled glove box. PTCMA (30 + 0.5 mg) and lithium bis(-
trifluoromethanesulfonyl)imide (LiTFSI; Kanto Chemical Co.)
were added to N,N-dimethylformamide (DMF; 1 mL) at different
molar ratios and stirred overnight. The salt concentrations were
5, 11, 25, 33, and 50 mol%. Concentrations higher than
50 mol% were not accessible because the resulting film became
brittle. The solution was dropped onto a stainless-steel plate,
air-dried, and vacuum-heated overnight (<1 mbar, 100 °C). After
capping with another stainless-steel plate, the sample was
annealed at 150 °C for 10 min. The sample was placed in
a conventional solid-state device. Its impedance was evaluated
with an impedance analyser (ZAHNER CIMPS, Zahner Co. or
1260, Solartron) under open-circuit potential at frequencies
from 10° to 1 Hz. DSC was performed with a conventional
calorimeter (Q200, TA Instruments) at a scan rate of 10 °

C min %

was
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3 Results and discussion
3.1 Regression model construction

The linear Ridge, RFR, quadratic, and tree and quadratic hybrid
regressor regression models were constructed with a lithium-
ion conductive polymer and electrolyte dataset (Fig. 3). The
models were trained to predict logarithmic ionic conductivities
y from their electrolyte structures X. As a standard method for
quantifying molecular properties, roughly 200-dimensional
molecular descriptors were computed by the RDKit module.
The training data were electrolytes reported before 2018, and
the test data were those reported in early 2019.° The mean
absolute errors (MAEs) for the training data were 0.98 (Ridge),
0.82 (quadratic), 0.35 (hybrid), and 0.32 (RFR). The order of the
errors was the same as the complexity of the algorithms of RFR
> hybrid > quadratic > Ridge. The prediction trend for the test
data was similar to that of the training data of 0.76 for Ridge,
0.66 for quadratic, 0.59 for hybrid, and 0.66 for RFR. The new
hybrid model afforded the smallest MAE. The model was more
straightforward than RFR, but it adequately matched the
complexity of the current dataset. Thus, the model offers
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promising predictive performance for conductivity in virtual
molecular screening.

3.2 Quantum-inspired annealing

A third-generation Fujitsu Digital Annealer was used to search
for optimal solutions to obtain large y. The hardware is
specialized for solving the QUBO problem expressed in eqn (1).
Finding the maximum or the minimum from the equation is
challenging because of the complex quadratic interactions
between the variables.”*** For an N-dimensional binary input,
2" types of combinations must be examined to find the best
solutions. The exponential nature of the problem leads to an
astronomically large search space (e.g., 2'%° = 10%).

Quantum annealers are a new type of computer based on
quantum physics and can solve QUBO problems effi-
ciently.**>* Their superparallel nature can outperform clas-
sical computers, although the acceptable dimensions of data
and interactions are currently limited.*® Thus, quantum-
inspired classical hardware and software have been developed
as alternatives to real annealers. These quantum-annealer-
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Fig. 3 Prediction of logarithmic ionic conductivities (S cm™) of lithium-ion conducting electrolytes. X-and Y-axes show experimental and
predicted values, respectively. (a) Ridge, (b) quadratic, (c) tree plus quadratic, and (d) random forest regressors. MAEs for training and testing
datasets are shown in the plots. Data reported prior to 2018 were used as the training dataset, and data reported in early 2019 were used as the

test dataset.
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mimicking systems, such as the Fujitsu Digital Annealer**** and
simulated bifurcation machines (SBMs),** provide practical
solution times of typically 1 to 10" s, and they provide similar
solutions to quantum annealers.

A third-generation digital annealer accepts one of the largest
binary bit sizes of 100000,** whereas true (D-Wave: about
5000)* and other (SBM: 10 000)** quantum annealers accept
smaller sizes. The higher dimension allows quasi-continuous
variables to be used with annealers, even though they accept
originally binary data (0 or 1). In the present work, the dimen-
sion of the electrolyte structure data Xwas about (200 descriptor
dimension) x (maximum of 6 compound components) = 1200.
If each continuous variable is expressed with 10 bits by the
unary method (eqn (2)), the corresponding bit size would be as
large as 12 000. This dimension size is acceptable for the digital
annealer, but it can be challenging for D-Wave and SBM.

In the current work, the dimension of the continuous vector
X was, fortunately, reducible from about 1200 to 200 by drop-
ping the columns in which all the records have the same vari-
ables. The hybrid model was still most compatible with the
Fujitsu Digital Annealer because the decision tree and quadratic
regression model generated QUBO data. The decision tree
categorized the training data into three main groups. Then,
three QUBO data were generated with different constraints
specified by the tree algorithm. With normal annealers,
constraints must be carefully embedded in QUBO data by
adding large constants, which requires parameter optimization.
In contrast, the annealer natively accepts the constraints during
solution finding, and we designed the hybrid regression model
for this hardware.

3.3 Chemical structure exploration using quantum-inspired
annealing

Quantum-inspired annealing with the three different QUBO
data yielded ideal solutions Xjqeq to allow large conductivities.

View Article Online
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The sampled solutions were expected to have almost maximum
y under the specific constraints. The sampled solutions pre-
dicted y of 6, 57, and —12, corresponding to conductivities of
10%, 10°’, and 10 ** S cm '. Because the experimental
conductivities were limited to 10™* S em ™, the first two solu-
tions were too large. However, the last solution offered more
practical conductivity because the decision tree set appropriate
constraints.

A heatmap was created to compare Xjq.o With several data-
sets from the training data (Fig. 4). Although the first two
solutions were infeasible in terms of y, they looked like existing
data, indicating that the corresponding chemical structures
could be reasonable.

According to the sampled solutions, essential chemical
structures for higher conductivity were explored. We calculated
the cosine similarity between Xigea and electrolyte data in the
training dataset (Fig. S1t). As the similarity increased, the
experimental conductivities tended to increase because Xjgeal
contained essential features for larger y. The highest similarity
was limited to about 70% due to the limited types of chemical
structures recorded in the experimental database. Imperfect
constraints during quantum sampling were another reason for
the gap. We found no significant trend differences in the
chemical structures of the three sampled solutions; thus, the
essential structural trends should not change significantly,
regardless of ionic conductivities (Fig. S2 to S47).

The chemical structures that appeared frequently are
summarized in Fig. 5. The most common species were esters,
such as cyclic and linear carbonates.*>** The esters are popular
electrolyte components for lithium-ion batteries because their
polar moieties solvate ions. Sulfonylimide anions were also
extracted many times because their delocalized negative charge
allows greater dissociation of ions and higher ionic conduc-
tivity. Flexible siloxane structures also appeared as candidates.
They are often used with solid-state polymer electrolytes
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Fig. 4 Heatmap for the continuous vector of X. The first three lines show data sampled by annealing. The rest are representative records in the

training dataset.
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Fig. 5 Frequently appearing chemical structures sampled by quantum-inspired annealing.

because they exhibit lower glass transition temperatures, and
thus allow more active ion movement.**** Furthermore, zwit-
terionic salts have been proposed as additives to electrolytes
and their highly polarized molecular structure has attracted
attention for superionic conduction.** These results demon-
strated that our system can extract important and reasonable
molecular structure trends for higher performance. Such
comprehensive trend analysis has been done mainly by humans
but is also now accessible by computers.

Suggesting de novo molecular structures is a challenging
topic in informatics. Just comparing solutions with conven-
tional molecular data does not yield new molecular designs.
However, new molecular designs can be obtained from the
sampled solutions by using deep reinforcement learning,
although it requires additional computation and parameter
tuning.®* This work used a heuristic approach, involving
manually modifying molecules from the extracted candidates.

A cyclic carbonate was suggested by quantum-inspired
annealing as a reasonable electrolyte design. We decided to
replace the oxygen atoms in the ring with sulfurs, yielding tri-
thiocarbonate (Fig. 6). The decision to replace the oxygen atoms
in the ester with sulfur atoms was made purely from the

b)
¢  &-0.28
5.23
Li*
(0] (0] 0) - 0
N
S Fo S{ S _F
=S F 00 W<F
S F
PTCMA LiTFSI

Fig. 6 Three-dimensional molecular structures of the cyclic (a)
carbonate and (b) trithiocarbonate. Gray numbers indicate Mulliken
charges. The structures were optimized by DFT calculations using the
B3LYP 6-31G(d’p’) level in a vacuum. (c) Chemical structures of
PTCMA and LiTFSI.
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perspective of a human chemist. Although our system was
helpful in extracting essential information from known data, it
was not necessarily beneficial for providing an entirely novel
perspective. Therefore, instead of oxygen, we decided to focus
on sulfur, which also belongs to group 16 in the periodic table
and possesses similar properties but with some differences.

Density functional theory (DFT) calculations by Gaussian16
were performed for the two cycles at the B3LYP 6-31G(d’,p’) level
(Fig. 6a and b). The structures were initially optimized by
a semiempirical PM6 method, and then by B3LYP 6-31G(d’,p’).
The cyclic carbonate and trithiocarbonate molecules yielded
large dipole moments of about 5.2, indicating the potential
ability to solvate cations.

The Mulliken charge distribution on the molecules was
slightly different. Heteroatoms in the two five-membered rings
showed a charge of —0.3, whereas the charges on the (thio)
ketone differed: the values were —0.37 for oxygen and —0.096
for sulfur. The higher electronegativity of oxygen resulted in
a larger negative value on the carbonyl group. Despite the
interesting similarities and differences between carbonate and
thiocarbonate, thiocarbonate has been little studied as an
electrolyte, except as an additive for solid electrolyte interphase
formation.*®

3.4 Trithiocarbonate polymer for solid-state electrolytes

We synthesized PTCMA as a macromolecular medium for solid-
state polymer electrolytes (Fig. 6¢). The polymer has a readily
synthesizable methacrylate backbone and polar trithiocar-
bonate side chains. PTCMA has been studied as a high refrac-
tive index material,** but not as an electrolyte component. Self-
supporting films were prepared by casting a DMF solution of
PTCMA and LiTFSI and drying the solvent. Sulfur-containing
polymers, such as poly(ethylene sulfide), are poorly soluble in
organic solvents due to the high polarity,”” but the flexible
methacrylate chain contributed to the solubility of PTCMA in
DMF. The peak shift of the anion vibration in LiTFSI caused by
complexation with the polymer indicated solvation of cations by
the polar trithiocarbonate groups (Fig. 7a). The result is
consistent with literature reporting the potential of trithiocar-
bonate to solvate lithium cations.*®* The methacrylate back-
bones themselves have not been considered as solvating groups
for cations.” A composite film of PTCMA and LiTFSI showed
typical semicircles for ion conduction in the Nyquist plots
(Fig. 7b, and S5 to S87). We varied the molar concentration of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Characterization and conductivity data of the polymer electrolytes. (a) Raman spectra for the electrolyte and pristine components. (b)
Nyquist plot for the 11 mol% LiTFSI in PTCMA electrolyte measured at 108 to 10° Hz. See Fig. S5 to S8 for other plot data. (c) Room-temperature
conductivity as a function x. (d) Arrhenius plot for the 11 mol% electrolyte and a typical PEO electrolyte. Conductivity data for PEO was taken from

a previous report.>°

LiTFSI in PTCMA (per unit) (x = 5, 11, 25, 33, and 50). The
corresponding room-temperature conductivity, ¢, generally
increased from 3 x 107 °to 2 x 10°°S em ™" (Fig. 7c); the higher
amount of salt contributed to the higher charge carrier density
and conductivity. This response was in sharp contrast to poly-
ethylene oxide (PEO)-based electrolytes.”® The traditional
composite exhibited maximum conductivity at the LiTFSI
concentration of 10 mol% because higher amounts of salts
induced greater physical crosslinking.** However, the current
sulfur electrolytes did not exhibit the apparent maximum
conductivity. The difference may be because sulfur had weaker
interactions with lithium atoms than oxygen according to the
hard and soft acid and base (HSAB) rule.

The temperature dependence of the conductivity generally
followed the Arrhenius equation (Fig. 7d). The activation energy
for the 11 mol% electrolyte was 35 kJ mol ', giving a much
smaller temperature dependence of conductivity than the PEO
composite where ion motion is strongly coupled to the
segmental motion of the polymers.*

The composite film was mechanically hard even after
complexation with lithium salts. A high glass transition

© 2023 The Author(s). Published by the Royal Society of Chemistry

temperature above 100 °C was obtained with the 11 mol% salt
composite (Fig. S91). The result was different from a carbonate
polymer in which the sulfur atoms in PTCMA were replaced by
oxygens, and the plasticizing effect lowered the glass transition
temperature to —19 °C.*>' The weaker interactions of sulfur with
lithium than with oxygen according to the HSAB rule may have
resulted in the retention of the original mechanical properties.
The carbonate polymer exhibited a room-temperature conduc-
tivity of 107> S cm™" with LiTFSI, about 10 times greater than
the current electrolyte.”* However, the loss in conductivity was
slight compared with the drastic difference in glass transition
temperatures of >150 °C for trithiocarbonate and —19 °C for
carbonate.

Although the conductivity of 107° S em™" did not reach that
of state-of-the-art solid polymer electrolytes (>10~* S cm™'),%*
the characteristics of the PTCMA electrolyte could be promising
due to the improved thermal properties. Amorphous electro-
Iytes without crosslinking show high conductivities, but are
viscous above the glass transition temperature.** Semi-
crystalline polymers such as PEO are mechanically tough but
the crystalline domains are not highly conductive. PEO also
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begins to melt at a relatively low temperature of about 70 °C.**
Crosslinking is essential to improve thermal and mechanical
properties, but interface engineering becomes more chal-
lenging due to the decreased miscibility with other mate-
rials.**** Conversely, linear and glassy polymers, including the
electrolytes presented here, can have technological advantages
because they are thermally stable and easily molded or solution
cast. Their decoupled ion movement through hard media is
scientifically attractive and even has the potential for superionic
conduction.”**® We intend to continue to optimize molecular
structures using the molecule exploration system and plan to
evaluate better candidates in real battery environments.

4 Conclusions

We constructed a molecule exploration system using an artificial
intelligence algorithm and a Fujitsu Digital Annealer as solution-
finding hardware. The material exploration conditions were
automatically set using a supervised machine learning model that
learned a database of experimental lithium-ion conducting
molecular electrolytes. The model processed the statistical rela-
tionship between the electrolyte structures and their conductivi-
ties. In contrast to the traditional quadratic regressors compatible
with quantum annealing, the current study used a hybrid decision
tree and quadratic function algorithm, which resulted in a more
complex supervised model. The third-generation digital annealer
could natively process constraints generated by the decision tree
and quasi-continuous variables. The smooth combination of the
hybrid model with the new hardware allowed easy material
exploration for improving electrolyte performance.

Inspired by the structures suggested by digital annealing, new
solid polymer electrolytes containing cyclic trithiocarbonate
moieties were investigated experimentally. Lithium salt compos-
ites showed potentially promising ionic conductivities above
107°® S em™" at room temperature and thermal stabilities above
80 °C. Data-driven molecular screening can objectively extract
essential features for higher performance and help design newer
structures. More extensive applications with different materials
will improve the exploration system and accelerate research to
pursue better functional materials for energy-related devices.

Author contributions

K. H. wrote the code, designed the experiments, and wrote the
manuscript. Y. U. performed experiments and analyzed data. T.
K. and K. K. contributed to the development of the Fujitsu
Digital Annealer. K. O. conceived the project and participated in
the discussion.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was partially supported by Grants-in-Aid for Scientific
Research (No. 21H04695, 21H02017, 22H04623, and 20H05298)

14658 | RSC Adv, 2023, 13, 14651-14659

View Article Online

Paper

from the Ministry of Education, Culture, Sports, Science and
Technology, Japan, by the JST FOREST Program (Grant Number
JPMJFR213V, Japan), and by the Research Institute for Science
and Engineering, Waseda University.

References

1 R. Ramprasad, R. Batra, G. Pilania, A. Mannodi-
Kanakkithodi and C. Kim, npj Comput. Mater., 2017, 3, 54.

2 S. A. Schustik, F. Cravero, I. Ponzoni and M. F. Diaz, Comput.
Mater. Sci., 2021, 194, 110460.

3 K. Hatakeyama-Sato, Polym. J., 2022, 55, 117-131.

4 H. Abroshan, P. Winget, H. S. Kwak, Y. An, C. T. Brown and
M. D. Halls, in Machine Learning in Materials Informatics:
Methods and Applications, American Chemical Society,
2022, vol. 1416, ch. 2, pp. 33-49.

5 T. Wakiya, Y. Kamakura, H. Shibahara, K. Ogasawara,
A. Saeki, R. Nishikubo, A. Inokuchi, H. Yoshikawa and
D. Tanaka, Angew. Chem., Int. Ed., 2021, 60, 23217-23224.

6 K. Hatakeyama-Sato, T. Tezuka, M. Umeki and K. Oyaizu, J.
Am. Chem. Soc., 2020, 142, 3301-3305.

7 K. Hatakeyama-Sato, M. Umeki, H. Adachi, N. Kuwata,
G. Hasegawa and K. Oyaizu, npj Comput. Mater., 2022, 8, 170.

8 L. Ward and C. Wolverton, Curr. Opin. Solid State Mater. Sci.,
2017, 21, 167-176.

9 A. Lopez-Bezanilla and P. B. Littlewood, MRS Commun., 2020,
10, 1-10.

10 Y. Oaki and Y. Igarashi, Bull. Chem. Soc. Jpn., 2021, 94, 2410~
2422.

11 Y. Luo, S. Bag, O. Zaremba, A. Cierpka, J. Andreo, S. Wuttke,
P. Friederich and M. Tsotsalas, Angew. Chem., Int. Ed., 2022,
61, €202200242.

12 R. Gomez-Bombarelliy J. N. Wei, D. Duvenaud,
J. M. Hernandez-Lobato, B.  Sanchez-Lengeling,
D. Sheberla, J. Aguilera-Iparraguirre, T. D. Hirzel,
R. P. Adams and A. Aspuru-Guzik, ACS Cent. Sci., 2018, 4,
268-276.

13 Z.Jensen, E. Kim, S. Kwon, T. Z. H. Gani, Y. Roman-Leshkov,
M. Moliner, A. Corma and E. Olivetti, ACS Cent. Sci., 2019, 5,
892-899.

14 J. M. Granda, L. Donina, V. Dragone, D. L. Long and
L. Cronin, Nature, 2018, 559, 377-381.

15 B. Burger, P. M. Maffettone, V. V. Gusev, C. M. Aitchison,
Y. Bai, X. Wang, X. Li, B. M. Alston, B. Li, R. Clowes,
N. Rankin, B. Harris, R. S. Sprick and A. I. Cooper, Nature,
2020, 583, 237-241.

16 A. Dave, J. Mitchell, K. Kandasamy, H. Wang, S. Burke,
B. Paria, B. Poczos, J. Whitacre and V. Viswanathan, Cell
Rep. Phys. Sci., 2020, 1, 100264.

17 R. Shimizu, S. Kobayashi, Y. Watanabe, Y. Ando and
T. Hitosugi, APL Mater., 2020, 8, 111110.

18 D.]J. Audus and ]. J. de Pablo, ACS Macro Lett., 2017, 6, 1078-
1082.

19 C. Kim, A. Chandrasekaran, T. D. Huan, D. Das and
R. Ramprasad, J. Phys. Chem. C, 2018, 122, 17575-17585.

20 K. Hatakeyama-Sato, T. Kashikawa, K. Kimura and
K. Oyaizu, Adv. Intell. Syst., 2021, 3, 2000209.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra01982a

Open Access Article. Published on 15 May 2023. Downloaded on 3/29/2026 6:14:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

21 K. Hatakeyama-Sato, H. Adachi, M. Umeki, T. Kashikawa,
K. Kimura and K. Oyaizu, Macromol. Rapid Commun., 2022,
43, €2200385.

22 H. Yamada, C. Liu, S. Wu, Y. Koyama, S. Ju, J. Shiomi,
J. Morikawa and R. Yoshida, ACS Cent. Sci., 2019, 5, 1717-
1730.

23 S. Wu, G. Lambard, C. Liu, H. Yamada and R. Yoshida, Mol
Inf., 2020, 39, €1900107.

24 B. Sanchez-Lengeling and A. Aspuru-Guzik, Science, 2018,
361, 360-365.

25 F. Pedregosa, G. Varoquaux, A. Gramfort, V. Michel,
B. Thirion, O. Grisel, M. Blondel, P. Prettenhofer, R. Weiss,
V. Dubourg, J. Vanderplas, A. Passos, D. Cournapeau,
M. Brucher, M. Perrot and E. Duchesnay, J. Mach. Learn.
Res., 2011, 12, 2825-2830.

26 K. Hatakeyama-Sato and K. Oyaizu, Commun. Mater., 2020, 1,
49.

27 M. Olivecrona, T. Blaschke, O. Engkvist and H. Chen, J.
Cheminf., 2017, 9, 48.

28 J. Lim, S. Ryu, J. W. Kim and W. Y. Kim, J. Cheminf., 2018, 10,
31.

29 S. H. Hong, S. Ryuy, J. Lim and W. Y. Kim, J. Chem. Inf. Model.,
2020, 60, 29-36

30 M. W. Johnson, M. H. Amin, S. Gildert, T. Lanting, F. Hamze,
N. Dickson, R. Harris, A. ]J. Berkley, J. Johansson, P. Bunyk,
E. M. Chapple, C. Enderud, J. P. Hilton, K. Karimi,
E. Ladizinsky, N. Ladizinsky, T. Oh, I. Perminov, C. Rich,
M. C. Thom, E. Tolkacheva, C. ]J. Truncik, S. Uchaikin,
J. Wang, B. Wilson and G. Rose, Nature, 2011, 473, 194-198.

31 K. Kitai, J. Guo, S. Ju, S. Tanaka, K. Tsuda, J. Shiomi and
R. Tamura, Phys. Rev. Res., 2020, 2, 013319.

32 Y. Fukunishi, T. Kurosawa, Y. Mikami and H. Nakamura, J.
Chem. Inf. Model., 2014, 54, 3259-3267.

33 P. Schwaller, R. Petraglia, V. Zullo, V. H. Nair,
R. A. Haeuselmann, R. Pisoni, C. Bekas, A. Iuliano and
T. Laino, Chem. Sci., 2020, 11, 3316-3325.

34 H. Nakayama, J. Koyama, N. Yoneoka and T. Miyazawa,
Description: Third Generation Digital Annealer Technology,
2021, https://www.fujitsu.com/jp/documents/digitalannealer/
researcharticlessDA_WP_EN_20210922.pdf.

35 M. Aramon, G. Rosenberg, E. Valiante, T. Miyazawa,
H. Tamura and H. G. Katzgraber, Front. Phys., 2019, 7, 48.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

36 RDKit: Open-Source Cheminformatics, http://www.rdkit.org.

37 A. Barucci, C. D'Andrea, E. Farnesi, M. Banchelli,
C. Amicucci, M. de Angelis, B. Hwang and P. Matteini,
Analyst, 2021, 146, 674-682.

38 G. James, D. Witten, T. Hastie and R. Tibshirani, An
Introduction to Statistical Learning, Springer, New York, NY,
2013.

39 E. Gibney, Nature, 2017, 541, 447-448

40 https://github.com/cerlymarco/linear-tree.

41 M. Nishi, M. Komeda, N. Aoyagi, Y. Yoshida and T. Endo, J.
Polym. Sci., 2020, 58, 2126-2133.

42 H. Goto, K. Tatsumura and A. R. Dixon, Sci. Adv., 2019, 5,
eaav2372.

43 H. Zhang, C. Li, M. Piszcz, E. Coya, T. Rojo, L. M. Rodriguez-
Martinez, M. Armand and Z. Zhou, Chem. Soc. Rev., 2017, 46,
797-815.

44 ]J. Mindemark, M. J. Lacey, T. Bowden and D. Brandell, Prog.
Polym. Sci., 2018, 81, 114-143.

45 S. D. Jones, H. Nguyen, P. M. Richardson, Y. Q. Chen,
K. E. Wyckoff, C. J. Hawker, R. J. Clement,
G. H. Fredrickson and R. A. Segalman, ACS Cent. Sci., 2022,
8, 169-175.

46 C.-C. Chang, S.-H. Hsu, Y.-F. Jung and C.-H. Yang, J. Power
Sources, 2011, 196, 9605-9611.

47 J. Mark, Polymer Data Handbook, Oxford University Press,
New York, 1998.

48 Z.-H. Huang, D.-S. Tsai, C.J. Chiu, Q.-T. Pham and
C.-S. Chern, Electrochim. Acta, 2021, 365, 137357.

49 Y. C. Liu, D. S. Tsai, C. C. Ho, Y. T. Jheng, Q. T. Pham,
C. S. Chern and M. ]J. Wang, ACS Appl. Mater. Interfaces,
2022, 14, 16136-16146.

50 M. Marzantowicz, F. Krok, J. R. Dygas, Z. Florjanczyk and
E. Zygadlo-Monikowska, Solid State Ionics, 2008, 179, 1670-
1678.

51 B. Notredame, F. Gauthy, V. Finsy and J. F. Gohy, Macromol.
Chem. Phys., 2022, 223, 2200152.

52 D. G. Mackanic, X. Yan, Q. Zhang, N. Matsuhisa, Z. Yu,
Y. Jiang, T. Manika, J. Lopez, H. Yan, K. Liu, X. Chen,
Y. Cui and Z. Bao, Nat. Commun., 2019, 10, 5384.

53 S. D. Jones, J. Bamford, G. H. Fredrickson and
R. A. Segalman, ACS Polym. Au, 2022, 2, 430-448.

RSC Adv, 2023, 13, 14651-14659 | 14659


https://www.fujitsu.com/jp/documents/digitalannealer/researcharticles/DA_WP_EN_20210922.pdf
https://www.fujitsu.com/jp/documents/digitalannealer/researcharticles/DA_WP_EN_20210922.pdf
http://www.rdkit.org
https://github.com/cerlymarco/linear-tree
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra01982a

	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a
	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a
	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a
	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a
	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a
	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a
	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a
	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a
	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a
	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a

	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a
	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a
	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a
	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a
	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a

	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a
	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a
	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a
	Extracting higher-conductivity designs for solid polymer electrolytes by quantum-inspired annealingElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3ra01982a


