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Abstract

In the field of materials design, which has a huge diversity, approaches based on
computational science and materials informatics, as well as the experience and intuition of
research and development personnel, are being actively studied. Computational approaches
are designing better functioning materials first-principles from material design parameters,
and materials informatics approaches are applying data science to materials science.

A typical target for materials informatics is the search for materials for lithium-ion
batteries. The aim of the materials search for lithium-ion batteries is to find materials
with superior material properties in multiple aspects such as higher voltage, higher ca-
pacity, longer life, higher safety and faster charge/discharge. For these properties, various
new "electrode" materials have been reported|l, 2, 3]. On the other hand, no significant
progress has been made in the development of new excellent electrolytes for commercial
use, especially for lithium salts, since 1991. This is because the electrolyte is a liquid and its
structure is more complex than that of the usual solid electrode materials, and therefore,
it is difficult to search for electrolytes with various performance requirements|4, 5, 6, 7.
Virtual screening using materials informatics is one way to discover new electrolytes with
the required performance. In this screening process, a database of descriptor material fea-
tures is first constructed using data from first-principles calculations, molecular dynamics
simulations and experiments. Next, a prediction model is built to predict a target property
from the descriptors in the database with information technology. Finally, the prediction
model is used to predict the properties of a large number of candidate materials, and the
materials that are predicted to meet the required performance are extracted. Several appli-
cations of virtual screening for the search of new lithium-ion battery materials have been
reported, but most of them are limited to the study of solid materials|8, 9, 10|, while only
a few applications of liquid materials have been reported|11, 12, 13].

Motivated by the above situation, in this doctoral thesis, we create a database for
virtual screening and prediction models for the search for the electrolyte of lithium-ion
batteries. In order to show the versatility of this method, we apply the same method to the
prediction for electrolytes of alkali metals other than Li such as Na, K, Rb and Cs. In this
study, the features to be predicted are "coordination energy" and "diffusion coefficients",
and the prediction models are constructed by applying sparse modeling techniques such as
exhaustive search and a sparse linear mixture model.
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Chapter 1

Introduction

1.1 Introduction to Materials Informatics

In materials science, improvements in computer performance have made it possible
to perform accurate simulations using first-principles calculations. The results of the simu-
lations are fed back into experimental science, and new data generated by the experiments
are reflected in new simulations (Figure 1.1). Materials science has developed through the
interaction of computational and experimental sciences. In recent years, with the devel-
opment of information technology, data science, which extracts information from various
types of data, has been attracting attention. Materials informatics is being applied to ac-
celerate materials exploration by applying data science to conventional computational and
experimental science in materials science. In the United States, the Materials Genome Ini-
tiative was launched in 2011 with the aim of doubling the speed of materials development
by making full use of information science, and has been successful [14]. The competition for
materials exploration using materials informatics is fierce worldwide, with similar projects
being launched in Europe and Chinall5, 16, 17, 18, 19].

In this study, we develop methods for materials informatics using data science
methods such as sparse modeling and Bayesian inference, specifically targeting computa-
tional science.

Material Science
Computational |:> Experimental
Science <—| Science

Target

Data Science

(Bayesian Inference * Machine Learning)

Figure 1.1: Materials informatics overview and our target.
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Chapter 1. Introduction

1.2 Li-ion Battery

A typical target in materials informatics is the search for materials for lithium-
ion batteries (LIB) and other secondary batteries (storage batteries)[20, 21]. The aim of
the materials search for secondary batteries is to find materials with excellent material
properties in multiple aspects such as higher voltage, more capacity, longer life, higher
safety, faster charge and discharge, etc. With the widespread use of smartphones and
electric vehicles, the demand for high performance secondary batteries is increasing rapidly.
Efficient material search is strongly demanded by industry. However, the search for solid
materials such as cathode and anode for LIB has progressed rapidly([8, 9, 10], while the
commercial electrolyte has remained the same since 199111, 12, 13|. This is due to the fact
that the search for materials for the electrolyte is more difficult than for solid materials such
as the cathode and the anode, because the electrolyte is a disordered system. In recent years,
large-scale materials science simulations, which were not possible in the past, have become
possible using large-scale computers such as the K computer and Fugaku. Computational
exploration of materials for lithium-ion battery electrolytes using first-principles molecular
dynamics techniques is progressing, which is expected to further improve the performance
of LIB. However, even with the use of large computers, first-principles molecular dynamics
calculations for macromolecules are computationally expensive, and therefore a method to
find materials with better performance is required.

1.3 Mission

Virtual screening using materials informatics is one way to discover new electrolytes
with the required performance. An overview of the virtual screening is shown in Figure 1.2.
Computational science in materials science is represented by the black boxes. In computa-
tional science, the parameters of material design are first defined, and then the parameters
are used to calculate the features by first principles. The functions of the material (life,
durability, etc.) are designed using the characteristics. This process is repeated in order to
advance the material search, but it is often very expensive. The purpose of this study is
to apply data science methods such as sparse modeling and Bayesian inference to compu-
tational science and to reduce the enormous computational cost. Concretely, we construct
databases for virtual screening and examine prediction models for the search of the elec-
trolyte of LIB. In addition, in order to demonstrate the versatility of the method, we apply
the same method to alkali metals other than Li such as Na, K, Rb and Cs, and investigate
the prediction models.

1.4 Structure of this paper

This paper consists of five chapters - Chapter 1 is this introduction, Chapter 2-4
is main contents, and Chapter 5 is the conclusion.

In Chapter 2, we describe our database. First, as candidate materials for the
database, we selected 103 solvent molecules that are commercially available as battery
grade materials from KISHIDA CHEMICAL Co.,Ltd.|22]. We also prepared two kinds
of features: experimental values (experimental values) and calculated values (calculated

14



Chapter 1. Introduction

Computational Science

Material Design Features from first
Parameters principles calculations Function
>
Lifetime
X y Z Charge
Discharge

Principles Calculations

i\
Data Science

Prediction

Sparse Modeling
Bayesian Inference

Figure 1.2: Applying data science to computational science

values). As the experimental values, we used following values from the catalogs of com-
mercially available materials: melting point, boiling point, flash point, solvent density, and
molecular weight of each solvent molecule. Calculated values were obtained from the Den-
sity Functional Theory (DFT) and DFT-Molecular Dynamics (DFT-MD) calculations. For
the DFT calculations, Gaussian09 was used to perform cluster model DFT calculations of
molecular systems for the 103 solvent molecules described earlier, producing six types of
data: coordination energy between Li ions and solvent molecules, mulliken charges of atoms
coordinating with Li ions (mainly oxygen atoms), the distance between the Li ion and the
coordinating atom, HOMO energy, LUMO energy, dipole moment. DF'T calculations were
performed by replacing Li ions with other alkali metals (Na, K, Rb, and Cs) as a database
for alkali metals other than Li, and the same data were generated. The database includes
information on the cations used, such as ionic radius, electronegativity and atomic weight.
In the DFT-MD calculations, Li ions are placed in the solvent and DFT-MD calculations
are performed under the periodic boundary condition to simulate the diffusion of Li ions
in the solvent. The diffusion coefficients of Li ions were used as the database value.

In Chapter 3, we describe the development of prediction models for the coordi-
nation energy based on the database|23, 24, 25]. The coordination energy is a quantity
related to the diffusion of Li ions and is considered to be related to the rate of charge
and discharge of the secondary battery. Therefore, it is an important issue in LIB to find
a solvent molecule with a reasonable coordination energy. The coordination energy is ob-
tained by DFT calculations using a cluster model. Since it takes several hours to obtain
the coordination energy of a single solvent molecule, the purpose of this chapter is to con-
struct models to accurately predict it. One of the important aspects of building a prediction
model is variable selection. The database may contain variables that are noisy in predicting
the coordination energy. It is necessary to remove them appropriately and to extract the
variables that are important for prediction. Sparse modeling is the modeling that assumes
that the important variables are part of a large number of variables. In this study, we per-
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Chapter 1. Introduction

form an exhaustive search (ES) method, which is one of the sparse modeling methods. In
ES, prediction models are built for all combinations of variables, and the combinations of
variables are evaluated with some criteria. In the prediction of the coordination energy of
the electrolyte solvent for LIB, we used exhaustive search with linear regression (ES-LiR)
and exhaustive search with Gaussian Process (ES-GP). In both methods, as a criterion, we
used Cross Validation Error (CVE), which is one of the measures of predictive performance
for unknown data. As a result, CVE was reduced by 14% and 52% for ES-LiR and ES-GP,
respectively, compared to linear regression of all variables. We have also visualized the key
variables and clarified which ones are important in improving the performance of the model
for predicting the coordination energy of the electrolyte solvent of LIB. To demonstrate
the versatility of the method, we used a database of four alkali metals (Na, K, Rb, and
Cs) for Li ions, and predicted the coordination energy of the alkali metal cations. In the
construction of the prediction model, ES-LiR and ES-GP were performed as in the case of
Li ions only and compared with the case using all variables. The results showed that CVE
decreased by 0.7% and 88% in ES-LiR and ES-GP, respectively, compared to the linear
regression of all variables, and while there was no significant difference in ES-LiR, very
accurate predictions were obtained in ES-GP.

In Chapter 4, we construct prediction models for diffusion coefficients based on
the database we created. The diffusion coefficient is a quantity that expresses the speed
of diffusion of Li ion in the electrolyte and is considered to be related to the speed of
charge/discharge of the secondary battery as well as the coordination energy, so finding a
solvent molecule with a reasonable diffusion coefficient is an important issue. The diffusion
coefficients are obtained by DFT-MD calculations. Since it usually takes several weeks to
months of calculation time to obtain the diffusion coefficient for a single solvent molecule,
the purpose of this chapter is to develop a model to predict this. As with the prediction
of the coordination energy in Chapter 3, we first performed linear regression with all vari-
ables, GP with all variables, ES-LiR and ES-GP and we confirmed the accuracy of their
predictions. The results showed that the prediction accuracy was not so high. One pos-
sible reason for the low prediction accuracy is that the data for the diffusion coefficients
may come from a mixture model. In materials science, data can come from multiple back-
grounds. In that case, there is limitations of a single model to explain the data. Thus, we
applyed a mixture model to this data. In this study, we used Sparse Linear Mixture Model
(SpPLMM)|26, 27, 28] which is a method of sparse modeling. SpLMM is a model that as-
sumes that the data originate from multiple linear models and predicts the target variable
using spaces of explanatory variables, where each model is not necessarily identical. Since
multiple models are used to make predictions, SpLMM do not produce a single prediction
value. However, in materials science, even if the model does not have a single prediction,
the model can narrow down the candidates for the desired material from a large number
of candidates, so it is efficient to perform DFT-MD calculations and experiments to find
out the exact value. Therefore, if we can find a more consistent model to explain the data,
we can achieve a faster material search. In this study, we used log loss as an indicator to
compare the degree of model agreement. The log loss is the mean of the sign-reversed log-
arithm of the predictive distribution over the test data. The smaller the value, the better
the model matches the data. The test was performed with 10-fold CVs and the average of
the log loss values was used as the comparison. As a result, the log loss value of SpLMM
was reduced by about 80% compared to ES-LiR and ES-GP. This indicates that mixture
models that predict multiple models are better at explaining this data than LiR or GP,
which make predictions with a single model, and that mixture models such as SpLMM are
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Chapter 1. Introduction

very effective in predicting data consisting of multiple backgrounds, which often occur in
the field of materials science.

Finally, Chapter 5 discusses the potential impact of the series of studies described
in this paper on industry and the research community, as well as issues and directions for
future research.
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Chapter 2

Database

To predict novel LIB liquid electrolytes with desired properties by the information
techniques, we constructed a database of known liquid electrolytes. We selected 103 solvent
molecules which were commercialized as battery grade materials from KISHIDA Chemical
Co., Ltd[22]. We adopted the values of melting point, boiling point, flash point, density
of solvent, and molecular weight from the catalogue data. Some of representative solvent

molecules are shown in Figure 2.1.
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Figure 2.1: Representative 25 solvent molecules for the database (Li, purple; O, red; N,
blue; C, grey; F, light blue; S, yellow; P, orange; H, white). The solvent names are referred

to in Table 2.1.
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Abbreviation| Solvent Chemical Ecoord HOMO LUMO (eV) Dipole Mulliken R(Li-O)

name formula (kcal/mol) (eV) moment charge (A)
(Debye)

PC Propylene C4H603 -57.4 -7.93 0.946 5.255 -0.243 1.747
carbonate

EC Ethylene C3H403 -55.9 -8.017 0.919 5.07 -0.24 1.752
carbonate

vC Vinylene C3H203 -51.7 -6.973 -0.137 4.365 -0.231 1.76
carbonate

FEC Fluoro- C3H303F -51.2 -8.468 0.493 4.487 -0.222 1.763
ethylene
carbonate

DMC Dimethyl C3H603 -50.0 -7.774 1.115 0.342 -0.306 1.747
carbonate

DEC Diethyl C5H1003 -52.6 -7.654 1.217 0.613 -0.308 1.74
carbonate

EMC Ethyl C4H803 -51.3 -7.713 1.168 0.514 -0.307 1.744
methyl
carbonate

DAC Diallyl car- C7H1403 -31.7 -7.419 -0.238 0.494 -0.306 1.74
bonate

Furan Furan C4H40 -48.7 -6.265 0.296 0.511 -0.17 1.866

THF Tetrahydro- C4H8O -47.2 -6.832 1.38 1.434 -0.323 1.808
furan

THP Tetrahydro- C5H100 -43.2 -6.711 1.537 1.301 -0.324 1.804
pyran

DOL 1,3- C3H602 -64.4 -6.955 1.493 1.324 -0.315 1.818
Dioxolane

DMM Dimethoxy C3H802 -52.0 -6.846 1.459 2.165 -0.298 1.905
methane

MA Methyl ac- C3H602 -53.5 -7.371 0.339 1.733 -0.265 1.755
etate

EP Ethyl pro- C5H1002 -58.6 -7.31 0.414 1.763 -0.269 1.787
pionate

GBL g-Butyro- C4H602 -54.7 -7.269 0.254 4.296 -0.237 1.758
lactone

TMP Trimethyl C3H904P -56.8 -7.765 1.112 3.356 -0.467 1.74
phosphate

NMP N- C5H90N -65.1 -6.421 0.842 3.609 -0.299 1.724
Methyl-2-
pyrrolidone

ES Ethylene C2H403S -63.9 -7.725 -0.823 3.123 -0.423 1.758
sulfite

SL Sulfolane C4H802S -63.7 -7.383 0.826 5.087 -0.459 2.014

PS 1,3- C3H603S -57.3 -7.917 0.549 5.468 -0.426 2.034
Propane
sultone

DMSO Dimethyl C2H60S8 -67.8 -6.01 0.963 3.821 -0.542 1.718
sulfoxide

AN Acetonitrile C2H3N -47.0 -8.933 0.898 3.743 -0.181 1.92

PN Propionitrile C3H5N -48.4 -8.802 0.587 3.826 -0.185 1.914

MEK Methyl C4H8O -53.0 -6.601 -0.386 2.771 -0.225 1.759
ethyl  ke-
tone

Table 2.1: Calculated values of the coordination energy (Ecoorq), the HOMO energy, the
LUMO energy, the dipole moment, the Mulliken charge of the oxygen (nitrogen) atom, and
the distance between the Li-ion and the oxygen (nitrogen) atom (R(Li-O)) of 25 solvent
molecules for the database.

2.1 DFT Calculation

To make the database of the electrolytes more substantial, we added the following
values obtained by density functional theory (DFT) calculations of the molecular systems
using the Gaussian 09[29], the coordination energy between a Li-ion and a solvent molecule,
the Mulliken charge of the atom (typically oxygen atom) that is coordinated to a Li-ion, the
distance between a Li-ion and the coordinated atom (typically Li-O distance) (R(Li-O)),
the HOMO energy, the LUMO energy, and the dipole moment values of the 103 solvent
molecules [23]. The calculated data of the representative solvent molecules are shown in
Table 2.1, and the complete data are listed in Table A.2 in the Appendix. The coordination
energies (Eoorq) are evaluated by the difference between the “total energy of a Li-solvent
complex ” and “the total energies of a solvent molecule and that of a Li-ion ” (Ecoord =
E(Li-solvent) — E(solvent) + E(Li-ion)). We adopted the B3LYP functional[30] with cc-
pVDZ basis sets|31]. The Mulliken charges and the dipole moments are obtained from the
DFT calculations of pure solvent molecules without Li-ions. Geometry optimizations of the
Li-solvent complexes and the pure solvent molecules were also carried out.
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In addition, we changed the cations from Li to other alkali metals (Na, K, Rb,
and Cs), performed DFT calculations, and created a similar database[24]. In this DFT
calculation, M06-2X was used for the exchange—correlation functional, since this functional
is reported to accurately predict the thermodynamic properties of main group elements
[32, 33]. The Def2-SVP basis set was used for all the elements, and the pseudo-potential
was used for K, Rb, and Cs [34]. Another alkali ion, Fr, is omitted in this work because it
is unstable and radioactive, thus not relevant for batteries. Atomic charges were calculated
by the natural population analysis method proposed by Weinhold et al., using the NBO
6 program [35]. All the calculations were performed with Gaussianl6 [36]. The data of
Ionic Radius, Electronegativity, and Atomic Weight are added to the database as cation
information. The full list of electrolyte solvents examined is shown in Table A.3 in the
Appendix.

2.2 DFT-MD Calculation

In order to develop a prediction model for the diffusion coefficient of Li-ion in
each solvent, a database of diffusion coefficients was constructed as validation data. In this
study, the behavior of the atoms in the electrolyte is simulated by using first-principles
molecular dynamics calculations (DFT-MD). We performed DFT-MD simulations with the
Car-Parrinello electronic and ionic dynamics|37| using CPMD code|[38]. Total energies were
calculated at the G point in a supercell approach by using a PBE generalized gradient-
corrected exchange-correlation functional[39, 40|. A fictitious electronic mass of 500 au
and a time step of 4 au (0.10 fs) were chosen. The energy cutoff of the plane wave was
set to 90 Ry. Goedecker’s norm-conserving pseudopotentials|41, 42| for C, H, O, N, S, F
and Li were used. Nuclear temperature was controlled using a Nosé thermostat[43] with
a target temperature of 298 K. The electronic wave function was quenched to the Born-
Oppenheimer surface approximately every 1 ps to maintain adiabaticity. After equilibration
with the NVT ensemble at 298 K for at least approximately 50 ps, the Nosé thermostat
was switched off, and statistical averages were computed from trajectories of another 50
ps in length with the NVE ensemble at an average kinetic temperature of 298 K|44]|. For
the statistical average, four to eight different trajectories were calculated in each settings
with different initial guess structures.

We calculated diffusion coefficients, from the Mean Square Displacement (MSD) of
the DFT-MD simulations of the HC and LC systems with neutral charge. The MSD was
calculated as follows. Let ng = 5000k(k = 0,---,80). Let xzk be the coordinates of the
Li-ion at the ng +t(t = 0,---,100000) steps. We calculated MSD for ¢t = 0, - - - , 100000 as
follows.

1
MSD(t) = — > _[af, — b |*.

That is, MSD(¢) is the mean of the square of the distance moved after the ¢ steps. It
shows how much Li-ion is diffused in the t steps. Figure 2.2 shows a graph with the time
t(fs) = 10t(steps) on the horizontal axis and the MSD on the vertical axis. The relationship
between the number of steps and the MSD can be expressed as a linear function in suffi-
ciently large steps. The slope of the linear function is called the diffusion coefficient. In this
study, this slope was obtained by linear regression of the data after 1000 steps. Finally, we
created a database of diffusion coeflicients for 38 out of the 103 samples described earlier.
The complete database is listed in Table A.2 in Appendix.
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Figure 2.2: MSD at each step.
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Chapter 3

Coordination Energy Prediction

3.1 Introduction

In the search for LIB liquid electrolytes, the evaluation of the properties of ion
transport and electrochemical stability is indispensable. For the transport, solvation to
and desolvation from Li-ions at the electrolyte/electrode interface plays a crucial role, and
thus the coordination energy of the solvent to Li-ions is an important measure. For the
electrochemical stability, the quantities such as ionization potential and electron affinity
are significant. Here, however, we focus on the quantities related to the Li-ion transport
as the first target.

In this study, we investigated the estimation accuracy of the MLR, LASSO, ES-
LiR, ES-GP techniques in the search for liquid electrolyte materials [23|. We estimated
the coordination energies as the required properties of the LIB liquid electrolytes and
discussed the extracted descriptors by LASSO, ES with linear regression (ES-LiR) and ES
with Gaussian process (ES-GP). As a result, we succeeded in extracting the important
descriptors for predicting the coordination energies with high accuracy and clarified the
effectiveness of ES.

In order to demonstrate the versatility of these methods, we have also tested the
database with alkali metals (Na, K, Rb and Cs) other than Li-ion as cations|24|. The results
show that the ES can be used to extract descriptors that can predict the coordination
energy with high accuracy.

In this chapter, the ES method is first described in detail in Section 3.2. Next, in
Section 3.3, we show that ES can correctly select variables in ideal data using synthetic
data. Then, in Section 4, ES is applied to the two simulation data. The first data is the
coordination energy of Li-ion, and the second data is Li-ion data plus other alkali metals
(Na, K, Rb and Cs). We apply the ES method to these data and discuss the results and
accuracy of the variable selection. Finally, we conclude in Section 3.5.

3.2 Method

In this section, we first introduce the exhaustive search (ES) method as a sparse
modelling method for variable selection to improve the prediction accuracy of regression
[45]. The ES method is available for a wide range of learning tasks with various learning
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machines because the ES method only requires a change in input variables, evaluates
the variables and searches all the combinations of variables. In this section, we introduce
exhaustive search with a linear regression model (ES-LiR) [46, 23] and exhaustive search
with a Gaussian process (ES-GP)[47, 48].

3.2.1 Exhaustive Search

When there are N explanatory variables, the simplest method for selecting variables
is to exhaustively search for all combinations, which requires the combinations of variables
to be estimated 2 = yCo+ yCy +-- -+ xyCy times the number of estimations [49, 45].We
call this naive method the ES method [50]. Cover and Van Campenhout reported that any
exact methods for variable selection come at the expense of a computational complexity
of at least O(2%) [51], and this is also true for the ES method. However, since the size of
the data is not large in this study and because of the achieved improvements in computer
performance, we can easily apply the ES method for the estimation [23, 46]. Moreover, the
ES method is available for a wide range of learning tasks with various learning machines,
such as linear regression and Gaussian process, since the ES method only requires a change
in input variables, evaluates the variables and searches all the combinations of variables.

To formulate the ES method, we introduce an indicator

c=[ct,...c* ..., N, (3.1)

which represents a set of selected explanatory variables. ¢ = 1 indicates that the p-th
explanatory variable z* is selected, and ¢ = 0 indicates that it is not selected. Each
realization value represented by c is called "state" by analogy with statistical mechanics
[52]. Using an indicator ¢, the input-output relationship of the learning machine between
the descriptor data x, = [z},--- 2k, --- ,x*N] of sample "+" and the estimated objective

variable y, is formulated as follows:

Y« = fe(xx(c)), (3:2)

where f¢ is the functional relationship learned by using the learning machine for state c
and x(c) represents a subset of x excluding unrelated elements.

Cross Validation

In the ES method, we compare and evaluate all states ¢ under a criterion for eval-
uating the estimation accuracy. In this research, cross validation (CV) is used to evaluate
the estimation accuracy of the descriptors. CV approximately extracts prediction error
using only limited data, and the CV procedure consists of three steps, as explained below.
First, the complete learning data (X,y) are divided into training data (Xy;, yt:) and test
data (Xte, yte). Let pie be the number of test data and py, be the number of training data.
Next, fc is adjusted such that the output of the learning machine fe(Xy;(c)) and the value
of yi, are close. Finally, we evaluate how well the trained learning machine can correctly
describe the input-output relation of the test data (Xie(c), yte) by using the loss function

((Xie(€)s¥ie) = 3 (e — Felxaea(©)))? (3.3)

Dte i—1

where (Xtei(€), Yte,i) (1 =1, -+ , Dte) is the i-th sample of (Xie(C), Yie)-
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Since the value of the loss varies depending on how the data are divided, the above
three steps are repeatedly conducted with different partitions of the data to evaluate the
typical value of the loss function. For example, in M-fold CV (in this study, M = 10), the
learning data are randomly divided into M subsets to have the same size, and the mean of
the loss values is calculated by performing the above three steps M times using each subset
as test data only once, and we call the mean cross validation error (CVE). Let CVE(c) be
the CVE for the state ¢, and it is formulated as follows:

CVE(c):% 3 e(Xeel©), yie). (3.4)

Xte,Yte

3.2.2 Exhaustive Search with Linear Regression, ES-LiR

Assuming that the relationship between descriptors and the objective variable is
linear and using all of the descriptors, one can select multiple linear regression (MLR), and
the estimation form is the linear sum of descriptors as follows:

N
o = flxaiw) =’ + ) whal (3.5)
pn=1

where w = [w!, - ,w,---  w"] is the weight of descriptors and w" is a constant term.
An algorithm that applies ES to MLR is ES-LiR [46]. When the learning machine is in a
state c, its input-output relationship is expressed as follows:
N
g = felxu(eiw(e)) = flxeswoc) =’ + 3 chutah. (3.6)
pn=1

M)

Here, the symbol o represents the Hadamard product and is defined as (x o ¢)* = ztcH.
In ES-LiR, CV is performed for each state, and by searching for the state where CVE is
the minimum, it is possible to find the optimal combination of descriptors for estimating
the objective variable. Since MLR and ES-LiR have the assumption that the relationship
between descriptors and the objective variable is linear, the estimation may fail when it is
not satisfied.

3.2.3 Exhaustive Search with Gaussian Process, ES-GP

To further improve the estimation accuracy by both estimating the nonlinear rela-
tionship and variable selection, we conduct ES-GP, which is the method for applying ES
to GP.

To learn the nonlinear relationship, we assumed that from two materials that are
sufficiently similar in the descriptors, the target features will be similar and can be de-
termined by interpolation. The method of GP regression enables us to interpolate and
predict target features [53] using the similarity of descriptors and approximates a nonlin-
ear relationship and provides an unbiased prediction of intermediate values using a few
parameters.

In GP regression, the descriptor data x, = [z}, 2% --- 2] of sample "+" and

the estimated objective variable y, are given by the indicator c, expressed as follows:
Y« = fe(y;w(xi(c), X(c))) (3.7)
= w(x.(c),X(c)y, (3.8)
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Figure 3.1: Effects of difference in a parameter of the Gaussian process. The vertical axis
is the objective variable ¥, and the horizontal axis is the value of the parameter. The black
circles are observation points, "*" is the true value of the point to be estimated, and the red
circle is the estimated value of the point to be estimated. If a parameter that is too small
is used, overfitting will occur and the estimation accuracy will decrease. If the parameter
is too large, the regression curve will be too smooth.

where w(c) = w = [wy,- -+ ,w;, -+ ,wp]T is a weight vector determined by the distance

between x.(c) and X(c) andy = [y1,- -+ ,¥p) T is the training data of the objective variable.
The distance is treated by applying a similarity function k, which is often called the kernel
between x.(c) and X(c). Note that the weight vector w(c) in ES-LiR is the weight of
descriptors and describes the relationship between descriptors and the objective variable.
The weight vector w(c) in ES-GP describes the distance between samples for interpolation,
where the researcher has no knowledge regarding the descriptors. The former and the latter
are classified in statistics as parametric and nonparametric estimation, respectively.

Assuming that the noise follows a normal distribution of the variance o2, w, which

minimizes Eq. (3.3), can be strictly calculated 53], and w(c) is also expressed as follows:
T
w(x.(c), X(c)) = [(ki(e)" (K(c) + o’I) '], (3.9)

where I is a unit matrix of size p, and K(c) = {k(x;(c),x;c))}; ; is a matrix consisting of
kernels between training data. We set

k.(c) = (k(x1(c),x4(c)), . -, k(xp(c), x.(c)))" (3.10)
as the Gaussian kernel function as follows:
k(xi(c), x.(c)) = exp(—=BIxi(c) — x.(c)[?), (3.11)

where (3 represents the reciprocal of the scale of the Gaussian kernel.

GP regression results are greatly different by the two parameters §5,o0. 5 in Eq.
(3.11) is represented by a grey line in Fig. 3.1. This parameter determines the width of the
Gaussian kernel of each learning data. If 8 is too small, overfitting will occur (Fig. 3.1(a)).
If it is too large, the curve of the estimated value becomes too smooth, and the estimation
accuracy decreases (Fig. 3.1(c)). o is the variance of noise. As is the case with 3, if o is too
small, overfitting will occur, and if it is too large, the curve of the estimated value becomes
smooth, which leads to lower estimation accuracy. As described above, to avoid overfitting
while maintaining estimation accuracy, it is necessary to tune these two parameters. In
this research, we conduct a grid search of two parameters with CVE as the criterion.

26



Chapter 3. Coordination Energy Prediction

3.3 Synthetic Data Analysis

To make the experimental condition the same as that described in Chapter 2, we set
the dimension of the descriptor of synthetic data x = {z!,...,2V}, N = 10, and uniformly
sampled from the interval [—1,1]'°. We then generated two types of objective variables,
y = (Y1, ,yp) L. The first one is linear data such that y; = x}! + 1.522 + ¢;, where i is
the sample index and ¢; is sampled from a normal distribution with an average of 0 and
a variance of 0.3. The second one is nonlinear data such that y; = cos(z}) + (22)? + ¢
generated by y; = cos(x}) + (27)? + ¢;. The number of samples to be generated, p, is 80 to

match the size of the simulation dataset in Chapter 2.

First, let us consider the results of linear synthetic data analysis, as shown in
Fig. 3.2(a). The prediction errors of the results of MLR and ES-LiR are 0.11 and 0.10,
respectively. The prediction error by GP is 0.11, and linear synthetic data can also be
regressed by performing interpolation. Moreover, assuming that the coefficients are sparse,
we apply ES-GP to the synthetic data and obtained the best indicator with a prediction
error of 0.10, which is almost the same prediction error in ES-LiR.

Similarly, the results of nonlinear artificial data analysis are shown in Fig.3.2(b).
In the case of nonlinear data, the prediction errors of MLR and ES-LiR are much larger
than those in the linear data analysis since the linear regression model does not match
the synthetic data well. Meanwhile, the prediction error of GP for the nonlinear synthetic
data was approximately 37% lower than the ES-LiR prediction error, and thus, GP can
regress data with more flexibility because there is no parametric shape of the unknown
regression function considered in advance. Furthermore, the prediction error was 0.10 for
ES-GP, and the prediction error was approximately 70% lower than that of ES-LiR since,
if noise variables are included as descriptors, the prediction accuracy may decrease. Thus,
selecting a few descriptors of GP and removing the noise variables greatly improve the
interpolative prediction.

Figure 3.3 is a diagram that shows the result of variable selection by the ES method.
From left to right, 25 CVE’s lowest prediction error indicators are lined up, and the vertical
axis shows the descriptors. Figures 3.3(a) and 3.3(c) present the result on linear data, and
Figures 3.3(b) and 3.3(d) present the result on nonlinear data. The colour of each cell in
Figures 3.3(a) and 3.3(b) represents the coefficient (weight) of that descriptor obtained as
a result of the linear regression in that indicator. A white cell indicates that a descriptor is
not selected in the indicator. Similarly, for Figures 3.3(c) and 3.3(d), white cells indicate
that a descriptor is not selected in that indicator. The black cell represents the descriptor
being used.

As shown in Figures 3.3(a) and 3.3(c) in linear data, x1, 2, which is a truly efficient
descriptor for both ES-LiR and ES-GP, is the best 25. It is selected as important descriptors
for predicting object variables consistently. However, in nonlinear data, ES-GP is chosen
as a truly efficient descriptor, but ES-LiR is not. This result indicates the possibility that
ES-LiR cannot select the dimension in nonlinear data.
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Figure 3.2: Generate x = {z!,--- !9} uniformly from [~1,1]! and generate Y = z! +

1.52% + € using 80 samples of nonlinear data using the relationship y = cos(x!) + (22)? +e.
Here, € is sampled from a normal distribution with average 0 and variance 0.3. (a) shows
the result of linear data, and (b) shows the result of regression using MLR, ES-LiR, and
ES-GP for nonlinear data. The horizontal axis is the true value, the vertical axis is the
predicted value, and the black line is the graph of y = x. It can be said that the estimation
accuracy is higher as each point is closer to y = .
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Figure 3.3: Variable selection by weight diagram. (a) and (c) are linear data, and (b) and
(d) are the results of regression on nonlinear data. (a) and (b) show the coefficients of
each dimension when ES-LiR is performed, and (c) and (d) show the variables used when
performing ES-GP in black cells there. A white cell represents an unused variable. The
vertical axis is the descriptor, and the horizontal axis is the order of the indicators in the
order of the lowest CVE in order from the left.
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3.4 Simulation Data Analysis

3.4.1 Prediction of coordination energies for Li-ion electrolyte
Database

The coordination energy "Ecoorq" is the difference between the energy of the Li-
solvent complex "E(Li-solvent)" and the total energy of the solvent molecule "E(solvent)"
and the Li-ion "E(Li-ion)". The coordination energy "Ecoorq" is defined by the following
formula:

Ecoorda = E(Li-solvent) — {E(solvent) + E(Li-ion)}. (3.12)

We thus constructed a learning database that includes the coordination energy,
which expresses "performance", and the five feature values obtained through DFT calcula-
tions and the five feature values of physical properties (boiling point, melting point, flash
point, density of solvent, and molecular weight) on the catalogue. For data preprocessing,
21 types of data with missing descriptors or the performance are removed, and data of a
total of p = 82 solvents are used as the data for analysis. In addition, we standardized the
data because the scales of the descriptors are different. The standard value is a dimension-
less quantity obtained by subtracting the population mean from an individual raw score
and then dividing the difference by the population standard deviation. For predicting the
normalized coordinate energy, we used a database that includes sample size p = 82 and
N = 10 descriptors, as shown in Table 3.1.

Let us introduce the formation of symbols representing this database. We set the
normalized coordination energies y = [y1,...,¥i,-.,yp]T and the i-th sample’s descriptors
X; = [le, - ,:L‘fv] as the target objects and N = 10 descriptors defined in Table 3.1,
respectively. These formations are summarized as follows:

x; = [z}, 2], (3.13)
X1

X = , (3.14)
Xp
Y1

y = : , (3.15)
Yp

where X represents the descriptor database, which consists of rows of respective sample
data x;.

Results

Figure 3.4 shows the fitting results of MLR, ES-LiR, GP and ES-GP. The vertical
axis shows the predicted value and the horizontal axis shows the true value. Compared to
MLR, which uses all variables, ES-LiR reduced CVE by 14%. In the case of GP, a nonlinear
regression technique, the CVE of ES-GP was reduced by 24% compared to the CVE of
regular GP, which uses all variables. Comparing MLR and ES-GP, CVE was reduced by
52%.

30



Chapter 3. Coordination Energy Prediction

Table 3.1: Correspondence between symbols and features.

Descriptor Feature

T boiling point (BoilingP)

z? density of solvent (Density)

x3 dipole moment (Dipole)

! flash point (FlashP)

3 HOMO

9 LUMO

z! melting point (MeltingP)

8 molecular weight (MolecularW)
! Mulliken charge (MullikenO)
z}0 Li-O distance(Rri0)

Figure 3.4 describes the best results of ES-GP and ES-LiR with the minimum
prediction error, but the ES-GP and ES-LiR verify the prediction error for all combinations
of descriptors and the statistical verification of the prediction errors is available, as shown
in Fig. 3.5. Comparing the histogram of ES-LiR and the histogram of ES-GP, we can see
that the average value of CVE of ES-GP is 8.30 and the average value of CVE of ES-LiR
is 9.92. Therefore, the prediction error of ES-GP is 16% smaller than the prediction error
of ES-LiR. These results show that nonlinearity of the regression model is important for
predicting coordination energy from the simulation database used in this study even when
compared statistically.

As noted in Section 3.3, the ES method achieves high prediction accuracy by ex-
tracting some variables that are essentially important and performing regression. In this
data, the prediction accuracy was improved by sparsification. This suggests that there are
only a few descriptors in the whole that are important for the prediction of the coordination
energy.

The ES method not only minimizes the CVE but also derives the CVE in all
combinations, so you can see the whole picture of them. Using the whole pictures, the
ES-LiR and ES-GP method can be used to construct the weight diagram, which shows the
top 25 best combinations of the descriptors, as shown in Figure 3.6. The weight diagram
reveals the stability of the important descriptors for the prediction, even if the error is at
the same level as the other methods. In the weight diagram of ES-LiR (Figure 3.6(a)),
each color represents the fitted coefficient of each descriptor, which shows the importance
for the coordination energy prediction. In the weight diagram of ES-GP (Figure 3.6(b)),
Because GP does not compute descriptor weights, the cells of used descriptors are colored
black. The white-blocks of the map correspond to the descriptorsak which are not adopted
for the prediction.

First, let us explain the interpretation of the results of the weight diagram of ES-
LiR. From the weight diagram of ES-LiR, the Mulliken charge (MullikenO) is the significant
descriptor for the coordination energy prediction and flashing point (FlashP.), and Ryio can
also contribute to it. The coordination energy is highly affected by the Coulomb interaction
between the Li cation and the oxygen atom that has a negative electron charge. Thus, the
extraction of the Mulliken charge as a good descriptor fits our chemical intuition, even if the
Mulliken charge values are sometimes quantitatively not stable with the basis functions.
The Rpio is also a trivial descriptor for the estimation of the solvation energy because the
distance corresponds to the strength of the interaction between Li and O. On the other
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Figure 3.4: A comparison of the prediction results of MLR, ES-LiR, GP and ES-GP. The
horizontal axis is a true value, and the vertical axis is an estimated value. The diagonal
line represents y = x, and the closer to this line, the higher the prediction accuracy is. The
prediction error of all variable MLR was 10.20 (kcal/mol), the prediction error of ES-LiR
was 8.78 (kcal/mol), the prediction error of GP was 6.42 (kcal/mol), and the prediction
error of ES-GP was 4.89 (kcal/mol).

hand, the flashing point is not a trivial descriptor. It might be a weak relationship between
"the oxygen radical reaction for burning" and "the Li cation—solvent interaction", though
the number of the samples should be increased for such a discussion.

On the other hand, as shown in Figure 3.6(b), ES-GP selected different variables
than ES-LiR. For example, the mulliken charge, which is selected for all the top 25 indica-
tors in the ES-LiR, is selected for only 14 out of the top 25 indicators in the ES-GP. The
boiling point, dipole moment and HOMO energy are rarely selected for ES-LiR, but they
are frequently selected for ES-GP. As shown in Fig. 3.3(a), ES-GP can extract descriptors
in linear relations in addition to descriptors in nonlinear relations. From this fact, con-
sidering nonlinearity, HOMO energy, boiling point, and dipole moment are more likely to
predict coordination energy than Mulliken charge.

Although the selected descriptors of ES-LiR, as shown in Fig. 3.6(a), are easier to
use because of simplicity, the physical meaning is also important when extracting features
is performed, in ES-GP, it is generally difficult to understand all the physical phenomena
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Figure 3.5: Histogram of ES-GP and ES-LiR indicator. The horizontal axis represents CVE,
and the vertical axis represents the number of indicators. The circle represents the CVE
minimum value of ES-LiR, the diamond represents the CVE value of GP, and the asterisk
represents the CVE minimum value of ES-GP.

behind extracted features under the linear relation assumption. This result shows that
there are nonlinear relationships behind the selected descriptors and desired properties,
and further investigation is need to determine the physical mechanism behind this. Other
possibilities of these results indicate that there are several relationships between the se-
lected descriptors and desired properties and that the combination of these phenomena
results in the complex relationship.

It is possible that ES-GP is greatly over learning the result of the weight diagram
change between ES-LiR and ES-GP. Therefore, to verify the results of this research, we
conducted a verification with Y-Scrambling [54]. Y-Scrambling is a method of randomly
shuffling the target variable Y in the learning data to learn random training data without
changing the distribution of Y to validate the model. In the conventional ES method,
validity was not verified, but in this study, we compare each density of state (DoS) with
the ES method and confirm the extent to which the ES method can extract information.
Figure 3.7 compares their DoS. The average CVE of the normal ES-GP is 8.23 kcal /mol,
while the average CVE of Y-scrambling ES-GP is 11.6 kcal/mol. The average CVE of the
normal ES-GP is 29% lower than the average CVE of Y-Scrambling ES-GP. Therefore, it
is clear that ES-GP can extract information.
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Table 3.2: Correspondence between symbols and features.

. E i tal Cati
Descriptor Feature xperimental / ation /

Computational Solvents
T ionic radius Experimental Cations
m? electronegativity Experimental Cations
xf’ atomic weight Experimental Cations
xd NBO charge (NBOchargeOatom) Computational Solvents
xf HOMO energy Computational Solvents
9 LUMO energy Computational Solvents
z! dipole moment (TotalDipole) Computational Solvents
8 total energy Computational Solvents
x? boiling point Experimental Solvents
x%o flashing point Experimental Solvents
:1:111 melting point Experimental Solvents
x}z molecular weight Experimental Solvents
z}3 density of solvent (Density) Experimental Solvents

3.4.2 Prediction of coordination energies for alkali group elements

Database

For the descriptors or explanatory variables, the following were used as ’compu-
tational’ descriptors: energies of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), dipole moment, natural bond orbital (NBO)
charge of the O atom that coordinates to the metal ion, total energy (i.e. electronic energy
plus nuclear repulsion), and total dipole moment. From an atomic/molecular perspective,
the ion-solvent interaction can be understood as an acid-base interaction, since the ion
works as a hard acid and the solvent works as a hard or soft Lewis base. Common organic
electrolyte solvents have alkoxy or carbonyl groups, and in these cases the O atom works
as the Lewis base site. For this reason, we assumed that the ion coordinated to this O
atom. Also, the NBO charge on the coordinating O atom was included in the descriptors.
For the optimized geometries of the cation-coordinated system, see Figure B.1 in the Ap-
pendix. The computational properties of the solvent are obtained by DFT calculation of
the pure solvent, i.e. without ions. All the experimental and computational descriptors for
the solvent molecules are shown in Table 3.2.

First, we discuss the accuracy of the three methods to estimate the true (i.e. DFT-
calculated) Ecoorg values. Here, the data set includes all the Ecyoq data (i.e. coordination
of Li, Na, K, Rb, and Cs to solvent molecule). In other words, solvent descriptors and ion
descriptors were independently made and combined to form the whole data set. Since we
have 70 solvents, the E¢oorq data set consists of 5 X 70 = 350 points. Our calculated Ecgorg
values for Li, Na, K, Rb, and Cs are summarized in the bar chart in Figure 3.8, and the
selected numerical values for E.yorq are shown in Table 3.3. The range of E.yorq for the five
ions are: Li -1.32 to -2.91 eV (mean value: -2.20 eV), Na -0.88 to -2.18 (-1.60), K -0.61 to
-1.73 (-1.20), Rb -0.55 to -1.60 (-1.11), and Cs -0.46 to -1.44 eV (-0.98). Thus, the E¢oorq
of metal ions can be ranked as Li > Na > K ~ Rb > Cs.
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Eoers (BV)

Figure 3.8: Ecoora values of 70 solvents and five ions (Li, Na, K, Rb, and Cs).

Ecoord(€V)

Solvent Li Na K Rb Cs
Ethylene carbonate -2.343  -1.747 -1.365 -1.272 -1.135
Propylene carbonate -2.399 -1.789 -1.397 -1.307 -1.165
Vinylene carbonate -2.179 -1.610 -1.246 -1.157 -1.025
Fluoroethylene carbonate -2.128 -1.569 -1.210 -1.129 -1.001
Dimethyl carbonate -2.068 -1.454 -1.078 -0.968 -0.842
Diethyl carbonate -2.130 -1.492 -1.106 -1.010 -0.877
Ethyl methyl carbonate -2.114 -1.488 -1.108 -1.006 -0.878
Furan -1.320 -0.884 -0.605 -0.545 -0.461
Tetrahydrofuran -2.047 -1.454 -1.065 -0.978 -0.851
Ethyl acetate -2.206 -1.574 -1.185 -1.083 -0.950
Isopropyl acetate -2.222  -1.585 -1.187 -1.093 -0.958
Methyl propionate -2.138 -1.524 -1.133 -1.030 -0.896
Methyl formate -2.011 -1.444 -1.082 -0.981 -0.861
Vinyl acetate -2.052 -1.454 -1.076 -0.984 -0.857
Sulfolane -2.481 -1.879 -1.450 -1.350 -1.200
Dimethyl sulfoxide -2.905 -2.183 -1.725 -1.590 -1.427
Cyclohexanone -2.259 -1.6564 -1.265 -1.158 -1.025
Benzaldehyde -2.177 -1.570 -1.188 -1.085 -0.958
Benzyl benzoate -2.758 -2.139 -1.682 -1.591 -1.441
Diphenyl ether -1.625 -1.120 -0.758 -0.738 -0.638
Acetone -2.190 -1.600 -1.219 -1.117 -0.987
Chloroacetone -1.938 -1.399 -1.047 -0.964 -0.845
Methyl acrylate -2.195 -1.570 -1.178 -1.069 -0.938

Table 3.3: DFT-calculated Ecyorq of Li, Na, K, Rb, and Cs for 23 selected solvents.
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Figure 3.9: Comparison between E.yoq calculated by DFT (x-axis) and that predicted by
ES-LiR (y-axis). The diagonal line corresponds to a perfect match.

Results

Next, we examined the regression of E.yqq from the solvent and ion properties.
Figure 3.9 demonstrates a good correlation between E.,orq values calculated by DFT and
those estimated by ES-LiR. The CV error for ES-LiR in Figure 3.9 was 0.127 ¢V. This is
only 5.7 % for the average Li coordination energy, indicating that the regression formula
from ES-LiR gives accurate results. We also observe that the prediction accuracy tends
to be lower at Ec¢oorg < -2.5 €V. As we shall see later, the important descriptors are the
O charge and the total dipole. The deviation from this regression formula indicates other
effects, for example, large distortion of the ion—solvent complex would contribute to large
Ecoora values.

The accuracy of the estimation methods can be evaluated by the CV errors. The
smallest CV error calculated with the MLR, LASSO, and ES-LiR methods was 0.1280,
0.1278, and 0.1271 eV, respectively. These values are shown in Table 3.4, together with
selected combinations of descriptors. Values in Table 3.4 suggest that ES-LiR gives the
smallest CV error and thus the best prediction accuracy, although the differences between
the three methods are moderate. It is well known that the CV error is intimately related
to the choice of descriptors. Since the ES-LiR examines all combinations of descriptors,
it is always guaranteed to choose the best combination. In all three regression formulae,
the ionic radius of the metal ion has the largest coefficient and thus it is the most impor-
tant descriptor. This can be understood in terms of Pearson’s hard—soft acid—base rule,
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MLR LASSO ES-LiR

Tonic radius 0.6637  0.6542 0.6637
Electronegativity 0.1612 0.1569 0.1612
Atomic weight -0.0986  -0.0930  -0.0986
NBO charge of Oatom  0.1832 0.1751 0.186
HOMO energy 0.0121  0.0111 0
LUMO energy 0.026 0.0248 0.0273
Total dipole -0.1467 -0.1420  -0.1475
Total energy -0.1384  -0.1261  -0.1476
Boiling point -0.0956  -0.0941  -0.0977
Flashing point 0.1154  0.1034 0.1182
Melting point -0.0202 -0.0151 0
Molecular weight -0.1156  -0.10561  -0.1215
Density 0.0249 0.027 0
CV error 0.128 0.1278 0.1271

Table 3.4: Coefficient of descriptors in the three regression formulae (MLR, LASSO, and
ES-LiR) with the smallest CV error, and their CV errors

which states that the smaller ion has hard acid character. The positive coefficient of ionic
radius in Table 3.4 indicates that smaller ions give the smaller Ecyorq values (thus the
stronger ion—solvent interaction). After the ionic radius, the NBO charge on the O atom
coordinating to the ion has the second largest coefficient. Since the ion—solvent interaction
mainly has an electrostatic cationic—anionic character, a more negative O charge leads
to a stronger interaction and thus a larger E.,orq value. This conclusion is the same as
in Section 3.4.1, in which the O atomic charge is the most important descriptor for the
Li coordination on electrolyte solvent molecules. We also found that the total dipole has
a relatively large coefficient. This adds to the charge—charge electrostatic interaction via
charge—dipole interaction, so this also contributes to the ion—solvent interaction.

Another important difference among the three regression methods is the sparseness
of the regression formula. In MLR and LASSO, all descriptors have some non-zero coeffi-
cients, and thus these methods are the least sparse among the three. Contrary to these two
methods, ES-LiR gives a more sparse regression formula because three descriptors (HOMO
energy, melting point, and density) have zero coefficients. This indicates that the regression
formula given by ES-LiR is the most accurate of the three methods, and at the same time
its physical and chemical meanings are the easiest to interpret.

Up to now, our discussion is based on the optimal combination of descriptors that
minimize the CV error. Estimation accuracy for other descriptor combinations can also
be found using the ES-LiR, because this method examines all combinations of descriptors.
The number of counts in the descriptor combination within a fixed CV error range can be
summarized by the histogram in Figure 3.10, where descriptor combinations that reduce
CV error to below 0.14 are rather rare. From this, we can infer that the combination of
particular descriptors is important for achieving accuracy.

This issue can be analyzed with the linear coefficient of the accurate regression
formula. This is another important piece of information obtained by ES-LiR. The plot
of linear coefficients for ten descriptor combinations that give low CV errors is shown
in weight diagram in Figure 3.11. Since we can find the contribution of descriptors for
several combinations of them, the stability of the important descriptors can be found
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Figure 3.10: The number of counts for the CV error (i.e. histogram) for various descriptor
combinations. The orange, green, and red symbols show the smallest CV errors for ES-LiR,
LASSO, and MLR, respectively.

from the weight diagram. We consider that analysis with several regression formulae is
important, because multicollinearity often occurs in the linear regression model; inspecting
the descriptor weights for multiple combinations of regression models is more robust than
analysis based on a single regression model.

In the weight diagram, the ionic radius has the largest contribution to the regression
formula in all descriptor combinations. Thus, this property is the most important and also
most stable descriptor in the E.,o-q prediction, as stated above. Since the ionic radius is
the most important descriptor in all top 20 descriptor combinations, it is also the most
stable one in the present descriptor set. The next important descriptor is the NBO charge
of the coordinating O atom, which is also a stable descriptor among the 20 combinations.

lonicRadius

TotalDipole

TotalEnergy

BoilingPoint

FlushingPoint

MeltingPoint

MolecularWeight
Density - | ) ) . . ) ) . ) \ ) . . ) . _ . ;
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Top 20 combinations with small CV error

Figure 3.11: Weight diagram for the descriptors of top 20 combinations with small CV
error in ES-LiR. Descriptors with coefficients smaller than 10~!° shown in white box.
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Other descriptors, such as dipole moment, boiling point, and density, are also important,
but their stability is not as high as the ionic radius or the solvent O NBO charge.

We also note that the atomic weights of cation species have large weight. The
atomic weight works as a secondary factor for the ionic radius, as can be confirmed by
carrying out the ES-LiR without the ionic radius; in this case the atomic weights have the
largest weight in the regression formula. However, the calculated CV error is considerably
higher (0.2807 eV), indicating that the ionic radius does much better in the linear regression
model.

Finally, we applied the ES-GP method for E.yoq prediction. This includes the non-
linear terms of the descriptors, which were not taken into account in the ES-LiR method.
According to this feature, we can expect higher prediction accuracy with ES-GP, which
was already shown in Section 3.4.1. Here, the same data set used for ES-LiR was used for
ES-GP. We used the following seven descriptors in the ES-GP; ionic radius, NBO charge,
total dipole moment, total energy, boiling point, melting point, and density. We selected
these descriptors as they minimize the CV error of the ES-GP prediction; the dependence
of the CV error on the number of descriptors is shown in Figure B.2 in the Appendix.

In Figure 3.12, we compare the E.yoq values calculated by DFT and predicted by
ES-GP. The CV error for ES-GP was 0.016 eV, which is significantly better than that for
ES-LiR (0.127 €V). The accuracy of the ES-GP method is 1.54 in kJ mol-1 unit, which is
sufficient for most purposes for battery-related study. From these results, we can conclude
that the combined use of ES-LiR and ES-GP is advantageous in obtaining good physical
or chemical intuition and achieving high prediction accuracy.

3.5 Conclusion

In this study, data-driven science techniques were applied to a database obtained
by computational chemistry in order to find new electrolyte materials.

We first developed a prediction model for the coordination energy in the LIB elec-
trolyte. We used MLR, LASSO, GP, ES-LiR, and ES-GP to predict the coordination energy
of LIBs. As a result, the coordination energies can be predicted from more computation-
ally inexpensive descriptors. Compared with each method, ES-GP reduced the prediction
error by 52% compared to MLR. This demonstrates the importance of sparsification and
nonlinearization in predicting the coordination energy. The prediction model based on ES
enables us to extract the combinations of important descriptors for the prediction of the
coordination energy by using weight diagrams. The weight diagram allows us to choose the
balance between descriptor data acquisition cost and prediction accuracy. This feature is
general for all the material exploring studies with virtual screening. This treatment can be
a key technique to future material searches.

Next, we created a similar database with alkali metals other than Li, and carried
out the same verification for the database. It is now possible to predict the coordination
energies of various ions using only the properties of the ions and solvents. The CVEs of
ES-LiR and ES-GP are 0.127 ¢V and 0.016 eV respectively, achieving very high prediction
accuracy.

This study has shown that combined use of computational chemistry and data-
driven science can be an efficient and accurate tool for coordination energy prediction.
We succeeded in showing that this approach can be applicable to any alkali metal ion
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Figure 3.12: Comparison between Ecooq calculated by DFT (x-axis) and predicted by
ES-GP (y-axis). The diagonal line corresponds to a perfect match.

41



Chapter 3. Coordination Energy Prediction

coordination. The constructed regression models are accurate enough for practical use in
the search for battery electrolytes. These features will be important in developing post-Li
next-generation batteries.
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Diffusion Coefficient Prediction

4.1 Introduction

The speed of charge and discharge is an important factor in the search for the
electrolyte in secondary batteries. Faster charging would reduce the amount of time a
smartphone being connected to a charging cable and the quicker discharge enable us to
develop a vacuum cleaner with stronger suction or a powerful chainsaw. The charging and
discharging mechanism of a LIB is as follows. Firstly, during the charging process, Li-ions
with a positive charge are attracted to the negative electrode, and potential difference be-
tween the positive and negative electrodes occur. During discharge, electrons move from
the anode to the cathode through the circuit to compensate for the potential difference, and
Li-ions move to the cathode. In other words, charging and discharging are performed by
the movement of Li-ions. Therefore, it is necessary to search for an electrolyte that allows
Li-ions to diffuse more easily in order to create batteries with high charge/discharge speed.
In recent years, improvements in computer performance have made it possible to simulate
microscopic phenomena by first-principles calculations and to observe phenomena that can-
not be observed by experiments. In the field of electrolyte exploration for LIB, Sodeyama
et al. are studying the diffusion of Li-ions in the electrolyte by simulating the diffusion of
Li-ions in the electrolyte using the DFT-MD (Density Functional Theory-Molecular Dy-
namics) method and investigating the diffusion speed (diffusion coefficient)[55]. However,
even with large-scale computers, it takes weeks to months to calculate the properties of a
single solvent molecule.

In this study, we aim to predict the value of the diffusion coefficient by using
a machine learning method. The DFT-MD calculations were performed on a large scale
computer and the results of electrolyte simulations with 38 different solvents were obtained
(Ref: Section 2.2). We used the 11 descriptors, which were used as explanatory variables
in Chapter 2 and the values of the coordination energy as explanatory variables. Using
a formula as a database for regression, we can formulate this database as follows. Let D
be the number of explanatory variables and N be the number of observed solvents. Here
D =11,N = 38. Let X = (x)pn=1,...,n be the explanatory variable for the observed data,
and Y = (Yn)n=1,.. v be the objective variable (diffusion coefficient) for the observed data.
X, represents the explanatory variable of the n-th data observed and x,, = (z},---,z2).
Explanatory variables and features correspond to each other as shown in Table 4.1. The
goal of this study is to build a prediction model that explains the relationship between this
explanatory variable X and the objective variable Y.
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Descriptor Feature

rl Molecular weight

x2 Density of solvent
3 Boiling point

) Melting point

D Flashing point

x8 LUMO energy

x! HOMO energy

x5 Dipole moment

) Coordination energy
xl0 Distance between Li and O
xlt Mulliken charge

Table 4.1: Correspondence between symbols and features.

We have tried two main models for predicting the diffusion coefficient. The first
method is to make predictions with a single model. Specifically, it is a prediction model
in which the predictions are output as a single value, such as the linear regression of all
variables, GP, ES-LiR and ES-GP, which were discussed in Chapter 3. The second method is
to make predictions using mixture models. In materials science, the properties of materials
can occur through different mechanisms. Even if we use the same explanatory variables
to make predictions in such cases, there is a limit to the accuracy of the predictions. In
this study, we used Sparse Linear Mixture Model (SpLMM) [26, 56| to build the model in
the different spaces of explanatory variables. The results show that the mixture model is
better suited to explain the data, as the log loss is reduced by about 80% in the mixture
model compared to the method predicted by a single model.

This chapter is outlined as follows. In Section 4.2, we first describe the Sparse
Linear Mixture Model used as a prediction model. Next, we explain the logarithmic loss,
which is criterion for comparison with the linear regression, GP, ES-LiR, and ES-GP used
in Chapter 3. In Section 4.3, we describes the results, and in Section 4.4, we discusses and
concludes the results.

4.2 Method

4.2.1 Sparse Linear Mixture Model

The data of D = (Xy,Yn)n=1,..,N 1S set as the observation data, where x, =
(zt,--- zPY(n = 1,--- | N) is an explanatory variable of the D dimension and y,(n =
1,---,N) is the objective variable. Assuming that the model has a observed noise e fol-

lowing a normal distribution A'(0,02), the relationship between the output y and the
explanatory variable x is represented as follows using a learning machine f(x;w) with a
training parameter w.

y=flx;w) +e
In the linear model, it is expressed as follows.
flxw) = w'x,

w = (wy,- - ,wN)T.
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Expressing this as the conditional probability of y, we get the following.

py | x,w) =Ny | f(x;w),0%).

In the case of the mixed model, assume that the conditional probability of y is a weighted
sum of multiple normal distributions, as shown below.

K
p(y | X, {Wk}i(:l’a’ K) = Zak‘N(y | f(X;Wk),O'2).
k=1

where K is the number of mixtures of the model, @ = {ay}r=1,.. k is the mixture ratio,
which satisfies Zle ar = l,ap > 0(k = 1,--- ,K), and wg(k = 1,--- , K) are parame-
ters which are trained in each model. Additionally, in the case of Sparse Linear Mixture
Model (SpLMM), the indicator vector cx(k = 1,---, K) introduced in Chapter 3 are also
estimated. Thus, the trainer in the k-th model is represented as follows.

f(x; Wi, cx) = (wroci)Tx.

where o is the adamant product. Let © be all parameters of SpLMM, which means © =
{Wk, ¢k, ar}r=1,... k. The conditional probability of y is as follows.

K
p(y | X, @) = Zak‘N(y | f(X; Wkack’)’JQ)‘

k=1

In this study, we assume that the prior distributions of {w;}5 | {cx}E_ | a are
independent of each other. That is, p(©) = p(a) Hle p(wi)p(cr). Additionally, we assume
that the prior distribution of wy is a multivariate normal distribution with a mean vector
0, covariance matrix X, the prior distribution of ¢ is a distribution where the probability
of the d-th element ¢4 becoming 0,1 is pg, (1 — pq) respectively. The formula is as follows.

p(wi) =N(wi | 0,X)

——Ww

1 1 1y
_Wexp< 5 ) wk>,
D
pler) = [ (na)°® (1 = pa)' =4,
d=1

p(a| K) = Dir(a | o)

K
= C(a) H ag’“_l.
k=1
where C(a) is a normalized term of the Dirichlet distribution and

_ r (ZI[::I ak)
TS T (o)

In this study, ¥ was set to I (I is the unit matrix), ug = 1/2 and each element of the « is

C(a)
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set to 1. The posterior distribution p(© | D, K) is calculated as follows.

p(@ | D, K) :p(@ ’ (xmyn)nzl,m,NaK)
N
x [] {p(vn | %0, ©,K)} p(© | K)

n=1

N K K

=11 {Z%N (n | f(xn;wk,cw,a?)}p(a |6) [T otwagnten)
n=1 (k=1 k=1
N K

& H {Z aj exp (_ (Yn — f(};r;a Wi, Ck,)) >} H aak 1 exp <—;WkTE_1Wk> ‘

In this study, we used Bayesian Free Energy (BFE) to determine the number of mixtures
K.

The BFE is a negative logarithmic marginal likelihood —log(p(D | K)), which is
defined as

N
—log(p(D | K)) = —log {/ H {p(yn | xn,0,K)} p(O | K)d@} + const.
n=1

Let Kp be K which minimizes BFE. That is, Kp = argming — log(p(D | K)). We used
exchange MCMC [57] to calculate the posterior distribution and BFE. Detail of the calcu-
lation method of the exchange MCMC is shown in Section C.1 in the Appendix.

To compare the degree of model fit with linear regression, GP, ES-LiR and ES-GP,
we use log loss as criterion in this study. Log loss is the mean of the negative logarithm
of the probability density of the predictive distribution of the test data p(ym | Xm, D).
Here, Dtain — (Xns Yn)n=1,... N is the training data and D' = (X, Yim)m=1,.. M is the
test data. In other words, the formula is as follows.

M
1 .
LogLoss = i g 1og p(Ym | Xpm, D).

m=1
In particular, in the case of SpLMM, it is as follows.

M
1 .
LogLosssprvm = i E 10g p(Ym | Xm, D™, K pytrain )

m=1
= —— Z ].Og/ ym ‘ Xm, 6 K’Dtrdm) (@ ‘ Dtrain,KDtrain)de.

In this study, 10-fold cross validation was used to calculate the mean of the log loss for
each test data. Specifically, we divide D into 10 datasets D;(t = 1,---,10) and create 10
pairs of train-test data (D" Diest) = (Uszt Ds, Di)(t = 1,- -+ ,10). The following values
were set as the log loss values.

N

1 .
LogLossspravim = — > 1ogp(yn | xn, DI, Kpygain)

n=1
1 N
n=1

where szzl)n denotes D™ such that (z,,y,) ¢ Dian.
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4.3 Results & Discussion

In this chapter, we develop prediction models for the diffusion coefficient data and
compare with five different methods: linear regression for all variables, GP for all variables,
ES-LiR, ES-GP, SpLMM. Since the model selection (selection of K) of SpLMM was done
by BFE in this study, model selection (variable selection) in ES-LiR and ES-GP was also
done by BFE to maintain consistency.

First, the number K of mixture is estimated using the BFE. Figure 4.1 compares
the BFEs for each mixture number K = 1,2,3,4. The height of each bar represents the
mean of the BFE obtained in each of the 10-fold CVs and the error bars represent the
standard deviation. K = 2 is the minimum and the value of the BFE at K > 2 is much
smaller than the value of the BFE at K = 1. The BFE of K = 2 was also minimal in
each trial. This result shows that the mixture models of K = 2 explains the data best by
using multiple models. it is possible that the values of the diffusion coefficients may occur
through multiple mechanisms with different descriptor spaces. Detailed results of the BFE
for each CV are presented in the Figure C.1 in the Appendix.

1401

120

1001

80

BFE

601

404

20

K

Figure 4.1: Comparison of Bayesian free energy at each K. The height of each bar represents
the mean of the BFE obtained in each of the 10-fold CVs and the error bars represent the
standard deviation. Compared to the BFE of K = 1, the BFE of K = 2,3,4 is much
smaller, indicating that the model of K > 2 explains the data better than the model of
K=1.

Figure 4.2 shows a comparison of the log loss for each model. From left to right:
linear regression of all variables, GP of all variables, best model of ES-LiR, best model of
ES-GP, and the results of SpLMM for K = 1,2, 3,4. The linear regression of all variables,
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GP of all variables, ES-LiR, and ES-GP had log loss of 2.2 ~ 2.6, while the value of
SpLMM’s log loss for K > 2 are 0.3 ~ 0.6. As with Figure 4.1, this result shows that the
model in K > 2 is a better fit to explain the data than the other models.

GP ES-LiR  ES-GP SpLMM(1) SpLMM(2) SpLMM(3) SpLMM(4)
Model

Figure 4.2: Log loss of each models.

From here on, we will discuss why SpLMM was more successful than other methods.
Figure 4.3 shows the log loss of each CV trial for linear regression and SpLMM(K = 2).
As can be seen from this figure, the log loss of the fourth trial in linear regression is large,
whereas the log loss of the fourth trial in SpLMM is small. Figure 4.4 shows a comparison of
the true and predicted values for ES-LiR and ES-GP. The further away from the diagonal
line, the more prediction error is. The red circles in the lower right corner of this figure
show that the predictions have a significantly large prediction error for both ES-LiR and
ES-GP. This point is the molecule Furan, which has the second highest diffusion coefficient
of 8.34 among all the data, but the predicted values for ES-LiR and ES-GP are —0.20 and
0.16 respectively. Furan is included in the test data in the fourth trial. This is the reason
why the log loss of the fourth trial is high in ES-LiR and ES-GP. Therefore, we will focus
on Furan and see how SpLMM differs from other methods.

Figure 4.5 shows comparing the predictive distributions of Furan for ES-LiR, ES-
GP, and SpLMM (K = 2). The horizontal axis represents the predicted diffusion coefficient
and the vertical axis represents the probability density of the predicted value. The dotted
line is the true value of the diffusion coefficient. The predicted distributions of ES-LiR
and ES-GP are generally located at low diffusion coefficients. On the other hand, the
distribution is wider in SpLMM, with peaks at higher diffusion coefficients. Since log loss
is a sign inversion of the logarithm of the probability density of the true value in the
predictive distribution, the higher the probability density of the dotted line, the lower the
value of log loss. This is why the log loss of the fourth trial is smaller for SpLMM and
higher for ES-LiR and ES-GP.

We compare the selected descriptors to see why the predictions for ES-LiR and
ES-GP are so far off. Figure 4.6 shows the descriptors selected by the ES-LiR, ES-GP, and
SpLMM (K = 2) methods in the fourth trial. The top two diagrams represent ES-LiR
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Log Loss for each trials
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Figure 4.3: Comparison of log loss between ES-LiR and SpLMM (K = 2). The horizontal
axis shows each trial in CV and the vertical axis shows the log loss in the trial.

and ES-GP, respectively, and the bottom two represent two mixture models of SpLMM.
Each diagram has descriptors on the vertical axis and indicators on the horizontal axis.
The indicators in the ES are arranged from left to right in order of decreasing BFE. To
see the top results, the top 100 out of the 2'! items are displayed here. The indicators
in the SpLMM are arranged from left to right in order of posterior probability. The top
1000 are shown here. The black cells represent selected descriptors, and the white cells
represent non-selected descriptors. In the above three diagrams, z; (Molecular weight),
(HOMO energy) and xg (Coordination energy) are selected relatively frequently. On the
other hand, in the bottom diagram, the only descriptor commonly selected is x1 (Molecular
weight). Therefore, SpLMM is considered to be a mixture of two models as follows: a model
that makes predictions similar to ES-LiR and ES-GP and a model that only emphasizes
molecular weight. This is very important for the correct prediction of Furan. The absolute
value of coordination energy indicates the strength of coordination between Li-ion and
solvent molecules, i.e., the strength of attraction, and basically, the stronger the force,
the faster the diffusion of Li-ion (i.e., the larger the diffusion coefficient). In fact, the
results of linear regression take a negative value for the coefficient of coordination energy
(where coordination energy is negative value). However, Furan differs from that trend.
The absolute value of Furan’s coordination energy is the smallest among all the data.
Therefore, choosing the coordination energy as a descriptor does not predict the Furan
diffusion coefficient correctly. On the other hand, molecular weight which is only frequently
chosen in the second model of SpLMM, is negatively correlated, as lighter molecules are
expected to diffuse faster. In fact, the linear regression results show that the coefficient of
Molecular weight is negative. Furan’s molecular weight is the third lowest among all the
data, and if only molecular weight is used as a descriptor, the diffusion coefficient can be
expected to increase. In other words, although many molecules can be better predicted
using not only molecular weight, but also coordination energy, on the other hand, there
are some molecules, such as Furan, that may cause the low accuracy when coordination
energy is used. This means that only SpLMM can correctly predict the data generated by
different mechanisms.
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True value vs Predicted value, ES-LiIR True value vs Predicted value, ES-GP
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Figure 4.4: Predictions for each solvent molecule in the best models of ES-LiR (left) and
ES-GP (right). The horizontal axis represents the true value and the vertical axis represents
the predicted value. The error bars are the standard deviation of the predicted distribution
for each point. The diagonal line indicates that the true value is equal to the prediction,
and the further away the diagonal line is, the more the prediction error is. The dots circled
in red represent the Furan.

In order to investigate how the mechanism of diffusion of Li-ion in Furan diffuses
differently from that of other solvents, we carefully observed the results of the simulations.
As a result, the migration of Li-ion tended to be different from that of other molecules.
Basically, Li-ion coordinates with four solvent molecules to move in the electrolyte. It
is called "vehicle-type" because Li-ion uses solvents like a vehicle. Since the vehicle-type
solvents must be strongly bound to Li-ion, the higher the coordination energy, the faster the
diffusion. However, Furan is not a vehicle-type migrant and tends to migrate by changing
the coordination of its molecules. Although further research is needed to conclude this, we
believe that it is noteworthy that such a different mechanism can be extracted by SpLMM.
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Figure 4.5: Comparison of the predictive distributions of Furan in ES-LiR, ES-GP, and
SpLMM (K > 2). The horizontal axis represents the predicted diffusion coefficient and the
vertical axis represents the probability density of the predicted value. The dotted line is
the true value of the diffusion coefficient. Complete figures for all molecules are presented
in Section C.4 in the Appendix.
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Figure 4.6: Comparison of the indicators chosen for each model in the fourth trial of the CV.
The first model of ES-LiR, ES-GP, and SpLMM (K = 2), the second model in order from
the top. Each diagram has descriptors on the vertical axis and indicators on the horizontal
axis. The indicators in the ES are arranged from left to right in order of decreasing BFE.
Here we took the top 100 pieces out of the 2! pieces to see the top results. The indicators
in the SpLMM are arranged from left to right in order of posterior probability. In this case,
we took out 1000 pieces. The black cells represent used descriptors and the white cells
represent unused descriptors. The descriptors on the vertical axis are defined as follows.
x1: Molecular Weight, xo: Density, x3: Boiling Point, x4: Melting Point, x5: Flashing Point,
xg: LUMO Energy, x7v: HOMO Energy, xg: Dipole Moment, xg: Coordination Energy, x1:
Distance between Li and O, z1;: Mulliken Charge. The results of the other trials are
available on Appendix C.3.
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4.4 Conclusion

In this chapter, we compared the values of diffusion coefficients using SpLMM in
addition to linear regression with all variables, GP with all variables, ES-LiR, and ES-
GP to predict the values of diffusion coefficients. The results suggest that the data of
diffusion coefficients generated from more than one mechanism, indicating the limitations
of a single-value prediction method for such data. In particular, we focused on Furan, where
the results of SpLMM and the other methods differed greatly, and we conducted a detailed
study, and we showed that some molecules are better predicted without the coordination
energy, which has been thought to be correlated with the diffusion coefficient.

This indicates that predicting with a single model during virtual screening may
not find minorities with different mechanisms than the majority, and on the other hand,
using SpLMM that has multiple spaces of descriptors, such minorities can be searched
appropriately and desired materials can be found quickly. In addition, SpLMM allows
us to compare combinations of mixed descriptors and obtain information on the data
generation mechanism of each model by visualizing the indicators as shown in Figure
4.6. In some cases, the information can be viewed by materials science experts to infer
the hidden descriptors that determine each model. This is very important for materials
science because new discoveries are more likely to be made in the unexplored mechanisms
of minorities than in the well-studied mechanisms of majorities.

Finally, we describe the future development of this research. There are two di-
rections for future research. First, we will further explore the different tendencies of the
molecules we discovered in this study to understand why they are different from other
molecules. Secondly, the SpLMM, which was validated in this study, will be applied to a
larger scale database of candidate materials to perform virtual screening. Through these
studies, we hope to dramatically advance the search for electrolytes, which has not made
significant progress for decades, and contribute to the discovery of new high-performance
electrolyte materials.
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Chapter 5

Conclusion & Discussion

In recent decades, there have been no significant developments in the search for
electrolyte materials for commercial LIB. Solid materials such as cathode and anode can be
easily treated by static calculations at absolute zero point because their atomic structure
does not change significantly. However, in the case of electrolyte, the dynamics of the
atomic structure at finite temperatures is required. It makes handling electrolyte difficult
and increases the computational cost. That is one reason why there have been no significant
developments in the search for electrolyte materials for commercial LIB. To address this
issue, we have developed a new framework that combines computational chemistry and data
science throughout this paper. In Chapter 2, we created a database using computational
chemistry, and in Chapters 3 and 4, we discussed data science methods using the database.
In this Chapter, we briefly discuss those conclusions and their effects not only for the
search for electrolytes in secondary batteries, but also for materials science and information
science.

In Chapter 2, we create the database for the search of the electrolyte of secondary
batteries. In this study, we selected commercially available materials for the electrolyte
solvent of secondary batteries to investigate our methods. The LIB electrolyte database
contains five experimental values (boiling point, density, flash point, melting point, and
molecular weight) and seven calculated values (dipole moment, HOMO energy, LUMO
energy, mulliken charge, Li-O distance). We used cluster model DFT calculation to get
following six values: dipole moments, HOMO energy, LUMO energy, mulliken charge, the
distance between the cation and the oxygen atom and the coordination energy. Finally we
obtained a database consisting of 103 electrolyte solvents. For the diffusion coefficient, we
executed a long time DFT-MD calculation and obtained 38 values of diffusion coefficient.
In addition, we also created a database of the electrolytes of secondary batteries including
not only Li but also alkali metals (Na, K, Rb, and Cs). We added the ionic radius, atomic
weights, and electronegativity to the database as descriptors of the cations.

In Chapter 3, we selected the coordination energy as a value related to the function
of the secondary battery, and built the prediction models of the coordination energy. The
coordination energy is one of the most computationally expensive values in our database,
and it is worthwhile to predict it using low-cost descriptors. In this study, we applied
exhaustive search, which is one of the methods of sparse modeling, to build a predictive
model and select variables. Firstly, we tested the effectiveness of the method on the LIB
data set. As a result, the prediction errors of ES-LiR and ES-GP are smaller than those
of linear regression with all variables, 14% and 52%, respectively, making it possible to

95



Chapter 5. Conclusion & Discussion

accurately predict the coordination energy from descriptors with small computational costs.
In addition, by visualizing the exhaustive search results using weight diagrams, we have
identified which combinations of variables are important in predicting the coordination
energy in each model. We found following descriptors are important to predict coordination
energy. In the linear model (ES-LiR), important descriptors are mulliken charge of the O
atom, the distance between Li-ion and the O atom, flashing point. In the nonlinear model
(ES-GP), the important descriptors are HOMO energy, dipole moment and the boiling
point.

In addition, we used the database of not only Li but also other alkali metals (Na,
K, Rb, and Cs) to predict the coordination energies. The CVEs of ES-LiR and ES-GP
were 0.127 eV and 0.016 eV, respectively, which showed a very high prediction accuracy.
This makes it possible to predict the coordination energies of not only Li but also various
other ions using only the properties of ions and solvents.

Throughout Chapter 3, we have achieved a practical level of accuracy in predicting
the coordination energy. We also used ES to physically interpret the results and discuss
the relationships between the descriptors and coordination energy. We believe that these
results will greatly advance the search for new electrolytes for secondary batteries. For
reference, the results of using these methods to predict other data are shown in Appendix
D.E.

In Chapter 4, we chose the diffusion coefficient as a value related to the function
of the LIB and built a prediction model for it. Although the diffusion coefficient is an
important value that relates to the speed of charge and discharge of the LIB, a long DFT-
MD calculation is required to calculate it and it takes several weeks to several months.
Therefore, it is of great value to predict diffusion coefficients from other descriptors that
are less computationally expensive. In this study, in addition to MLR, GP, ES-LiR and ES-
GP used in Chapter 3, we constructed a prediction model using the Sparse Linear Mixture
Model (SpLMM), which makes predictions using multiple models. The results showed that
the log loss of SpLMM was significantly lower than those of the single-model prediction
methods, which means SpLMM can best explain the data. In order to investigate how
SpLMM improves prediction accuracy, we focused on the case of Furan, where the single
model approach failed to predict correctly. We found that SpLMM is able to automatically
extract these different mechanisms from the data and accurately predict minority solvents
with different mechanisms than the majority. In the field of materials science, as well as the
search for LIB electrolytes, the variables we want to predict are not always generated by
the same mechanism. In particular, the potential for new scientific progress lies not in the
well-studied majority data, but in the minorities that are not well-studied. In this study,
we were able to show that a mixture model with sparsity, such as SpLMM, is a method
for exploring not only majorities but also minorities.

Through this paper, we proposed a framework for exploring the electrolyte in sec-
ondary batteries. It is the following framework. First, create a database as much as you can
using computational chemistry approach. Next, extract important descriptors and build
a prediction model using the ES method. If the prediction model is enough for practical
use, prepare new candidate database to perform virtual screening. Decide which values
should be included in the database based on a balance between computational cost and
prediction accuracy using the result of the ES method. If the prediction accuracy is not
practically sufficient, build mixture models using SpLMM and perform virtual screening.
This framework allows us to search for useful electrolyte materials while interpreting the
generated data.
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Finally, we will describe the impact and future development of this study based
on the current situation in information science and materials informatics. Recently, many
researches on Deep Learning-based methods have been conducted in the field of informa-
tion science. However, given the high cost of database construction in the field of materials
science, machine learning methods that require large amounts of data, such as Deep Learn-
ing, cannot be applied to this field. Moreover, methods that output predictions as a single
value cannot be learned when the data generated from multiple mechanisms. In this re-
gard, SpLMM treats multiple models by Bayesian inference, which enables us to extract
multiple mechanisms while preventing over-training even with small amounts of data. It
can be said that materials science and Bayesian inference are very compatible with each
other. In the future, Bayesian inference will become more active in material exploration.
One of the methods in materials informatics for handling data with Bayesian inference is
materials search by Bayesian optimization. It is possible to apply Bayesian optimization to
this database ( ref: Appendix F). However, most of the existing applications of Bayesian
optimization to MI use a single model to make predictions. Using the SpLMM, Bayesian
optimization can also be extended to sparse mixture model. It is expected that Bayesian
optimization with SpLMM can captures not only the majority tendency but also the mi-
nority tendency and can be performed quickly. In future research, we will utilize such a
sparse mixture model for Bayesian optimization, and contribute to the development of
materials science by accelerating the search for the electrolyte of secondary batteries.
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Supporting Information for Chapter
2

A.1 Experimental value database of Li-ion electrolytes
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A.2 Calculated value database of Li-ion electrolytes
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A.3 Database of alkali-ion electrolytes

67



Chapter A. Supporting Information for Chapter 2

670°C616T- 6678¢r90'c 66,900  S69¢€°0- 18066°0- ¥6°9 1670 6'0 1I87'C- HNVIOATINS
G86'7C6€C-  9L¥69¢T6°'0  80EBO'0  LTSGPE0- €E880°T- ¥6°9 2670 6'0 VI6C HILVHdSOHd TAHLATY.L
¢IV'6TL0G-  TC66I8L7'0  G8C60°0  8EGE0- 8801~ ¥6°9 2670 6'0 6L¢C HIVHdSOHd TAHLAINIY.L
€4C°L9V0T-  GOLTI9ETR'T ¢8G0°0  ¢66€£€°0- ¢6€8G0- ¥6°9 1670 60 V4ve QUOIIROURXIH -RULTIR )
190°L9701- 6¥88CLIS'T  L0LS0°0 T€9€E0- 888G°0- ¥6°9 2670 6'0 9€£9°¢- ouojoe[ordes-uorsdy
TTC9'86€6- LECIG86L'T  GL9¥0°0  CBGEE0- 9¢e8G°0- ¥6°9 1670 6'0 ¢09¢- QUOIIR[OIB[RA -RI[O(]
8078'86€6-  L¥CG6SG8L'T  L6LG0°0  990¥€°0- ¢GER8G0- ¥6°9 1670 6'0 8EV'C- QUOIR[OIO[BA -BIUUIRY)
697¢°0€€8-  86¢980LL'T  TTILS0°0 T9¢¥E0- 9¥¢86°0- ¥6°9 2670 6'0 TI8€C auojor[OILIN-RUITIRY)
898G°6¢€E8-  TC6EETPI0 99600 FITTIE0- ¥1009°0- ¥6°9 2670 6'0 ¢40°¢- HIVLHOV TANIA
67CETEV6- CP6S88G9'0 616500 F8EVE0- 6€619°0- ¥6°9 1670 60 €8T¢ HIVIALNGOSI TAHLAIN
L6L°66V0T- 91016690  T¥LS0°0  TIEVEO- €61€9°0- ¥6°9 2670 6'0 8I'C HdIVYALNd TAHLH
861L°Gcc9-  PPG0GL89°0  G0950°0  S6¢9€°0- ¢8%09°0- ¥6°9 2670 6'0 TI0°C- HLVINHOAd TAHLIN
IPGETEV6-  ©€8I86L89°0 690900 9¢LVE0- 19¢2¢9°0- ¥6°9 1670 6'0 ¢0c'c HILVNOIdOYd TAHLH
6G88°C9€8-  908LL9€9°0  CEEI0'0  6987E€0- 9¥1¢9°0- ¥6°9 2670 6'0 8E€T'C- HIVNOIdJOdd TAHLHN
€00G°TEV6-  LPC00889°0 ¢190°0  VIPVEO- 199¢9°0- ¥6°9 2670 6'0 ¢ceca HIVLHOV TAdOYdOSI
LTG6°C9€E8-  669¥89¥9'0  L66G0°0  S89VE0- 1€.29°0- ¥6°9 2670 6'0 90¢'¢- HILVLIOV TAHLA
6V776E8-  69L6967T°0 998600 €E€0VE0- 86L€9°0- ¥6°9 1670 6'0 LEY'T- OURTJOWAXOT O AXOT )
68L°T9ES- G0-HV0'T €L0T°0 STIv0€0- 9.919°0- ¥6°9 1670 6'0 808'T- ANVXOIA-#'T
60€€°€6CL-  8GGCVLI¥'0  6¢¢0T°0  TOVCE0- ¥98¢9°0- ¥6°9 2670 6'0 GC8'I- ANVIOXOId-€'T
€960°98€L-  9L2..9¢9G¢°0  9¥P60°0  EVIE0- L0029°0- ¥6°9 1670 60 966°1- NVHAJOHJAHVYLAL
8600°98€L-  619€5799°0  60260°0  Lg0TI€0- 8G7€9°0- ¥6°9 2670 6'0 960¢c- NVUNAIOUUTAHVALIAILTAHLAING
€GCV'LTE9-  TG98980L°0  TI9T160°0 8ITIE0- 8¢V¢90- ¥6°9 1670 6'0 Lv0'C- NVINAOYAAHVYLAL
€L61°68€8-  Tg66LT0°0  ¢9190°0 69¢°0- 706050~ ¥6°9 2670 6'0 GIS'T- NVUNATAHLANIA-ST
6L96°'T9¢9-  €VCL8TC0  96€50°0 <¢ES8C0- GCI87°0- ¥6°9 2670 60 <¢EI- NVYNd
V79 L0V0T-  6L91¥66¢C°0 96800  ¢8L9€°0- 69G6.9°0- ¥6°9 2670 6'0 VIT'G 9)RUOq TR TAY)OUL AT
LGT'9LVTT-  CIV9PPST'0  6.¢60°0 6199€°0- 1819°0- ¥6°9 1670 6'0 €T¢ HILVNOAYVD TAHLHIA
6CV1°6€€6- €VCLE6L00  86060°0 €L89€°0- ¥02L9°0- ¥6°9 160 6'0 890°¢- 9)eUOqIRd AT
9¢700¢T-  LPLec0T6'T 1859900  €¢c6€0- 98€LG°0- ¥6°9 1670 6'0 8Cl'c- 9RUO(TRD SUIAT}D0I0N] ]
GT6C'€LC6-  TLCEBIES'T  69G€0°0  BLGTE0- G8065°0- ¥6°9 2670 6'0 6L1°C HLVNOAYVD HNHTANIA
987°90€6-  FPLIT60°C  666L0°0 €CSLE0- T€164°0- ¥6°9 2670 6'0 €vee 9)RUO| 1D SUSIAT)
POT'GLEOT-  POPSTLIT'C  808L0°0  6TLE0- ¥7€64°0- ¥6°9 260 60 66€¢C HIVNOIYVD UHNHTAJOYd
AZ1our] JUSWIOTA a81ey)) TSOM A31a13e30U snipey 1005
e10L, arodi(q ONAT  ONOH OdN STy 0199917 oTuo] ! et

UOIIRD ® SB ) puR qYy ‘M ‘BN ‘T Sulsn suorpemoed I,J4(] [PPOoW Io3sn[d Surmiojiod Aq pojonijsuod oseqeiep y €y 9[qe],

68



Chapter A. Supporting Information for Chapter 2

€006 TEV6-  PE19¢889°0  TIcI90°'0  ¥¥ive0- 849¢9°0- ¥6'9 L6°0 6’0 9ccc HLVLHDOV TAdOYUdOSI
8C0OE98€EL-  899T6TTO'T  80LEO'0  €L9T€°0- 86996°0- 769 1260 60 ¢€vIe ANONVINHAJ-¢
T9T'RGG0T- 9€ERGIGO'T ¢Ge0'0  GTIT8C0- 7869470~ 769 1260 60 VITC ANO-¢-NILdHH-S-TAHLAIN-9
7600°€C96- 60€6¢L90'T  C¢IS€0'0  6£01€°0- 9r196°0- 769 260 60 9.T¢C suoueldor]-
cre0'€cs6-  T69€€966°0  L¥SE00  ¥I9ST1€0- ¢v894°0- ¥6'9 L6°0 6'0 S88I'¢C HANONVILdHIHC
¥GL66V0T-  PL6STEC9'0  ¥I090'0  LE9IVE0- 16.¢9°0- ¥6'9 L6°0 6’0 6Icc HALVLHOV TALNI-N
TEV'TGLLT-  G996C¢L80  9T900°0 9G0€E 0- G1€90- 769 160 60 8E6'T- 9U019280I0[ )
7290'86€6- T6LESETI'0  6IT00°0- 8SLTE0- ¥419°0- 769 160 6'0 80¢¢ HLVTAYOVHLAN TAHLHAN
7890°06€9- S6V6IVET'0  9L660°0 €E€TTE0- ¥96¢9°0- 769 260 60 T1€0°¢C HHHLA TAHLHAIA
869¢°67¢cS-  T061¥V060'T  €L¥€0°0  SO8TE0- LTLGG0- 769 260 60 61°C- U0}y
VGLVIT-  9FLP696L°0 969600 <S0€60- 69609°0- 76'9 L6°0 60 6ST¢ 93e300® [AYPOAXOYIOIN-G
I8V6°G86L-  L9L9€T166°'0 #9600 1€SCe 0- T0T¥PS°0- 76'9 260 6’0 ¢66'1- TVNVINHJ
G69'9¢9¥1- ¢90¢80¢e'0  G6ST00  €9TLTO- 861560~ 769 160 60 G29'1- HHAHLA TANIHJIA
8CG'I8LST-  LI6T99GL°0 8LETO0- 160¢°0- 16¢¢9°0- 769 260 6'0 8GLC HILVOZNHAI TAZNHA
ST'T9Y0T- ¢8906EET'T  ¥9¢c0'0- <T6ST1E0- ¥¥944°0- 769 260 6'0 <CLCC UNONHHJOLHADYV
LV19°6CE6S-  G6618960°0 <CIcv0'0-  TIVelg0- 8¢9¢S°0- 76'9 L6°0 6'0 89LT- auoIpouRINg-¢‘g
679 €1EeEC 6¢0CcyS'0  88880°0  4G699¢°0- 989¢6°0- 76'9 L6°0 6'0 GgeC HALVATASTAHLAIA
L9C°CET6T-  L¥PLCIOCT  8CI60°0  99€9¢°0- 88T8.L 0- 769 260 60 80'¢c- HILVNOATNASANVHIAN TAHLAN
6969°0676- <CECO86IT'T  8OTEO'0  89¢0€°0- TT¥6S°0- 769 160 60 €6¢¢ ANONVXHHOTOADTAHLHIN-C
6087'¢6€6- ¢99¥0c0C'T  8S0E0'0- €ETTE0- 8G¢40- 769 260 60 LLTC opATpreZUAg
9V 69711 GEGSIR'0  8STIE0'0  6979¢°0- 69LG°0- 769 260 60 T8]¢C [ooeren )
ST T9%0T1- 8GGOVET'T  €9¢c0°0-  €691¢°0- 179660 76'9 L6°0 6’0 ¢CLCC UANONHHJOLHADYV
9L92°96C8- 9EVCI8LE'T  GLBE0'0  T180TE0- SYIrvaeo- 769 .60 60 €20¢ QURINI(J
Yer9'€GEL-  €QTICPICT'T 999200  GSR0E°0- 6T0SG°0- 769 1260 60 €C'C ANONVINHJOTOAD
290°T9¢L- CI9STSGTIE9'T  LBGSO0'0 6749S€0- €0L96°0- 769 260 60 c9T¢c ouojoeordor g
T90°L9%0T- 6¥88CLIS'T  L0LGS0'0 TE€9€E°0- 888G°0- 769 260 60 9€9¢ ANOLOVIOHUdVD
9GVC CeV8-  666¥6661°T  9¢6¢0°0  ¥cL0OE 0 892440 769 L6°0 6’0 6S¢C HANONVXHHOTOAD
LCLCVe0T-  €6SETIRIL'T  TIPCIO0 ¢6¥9¢ 0- 9674°0- 769 .60 60 66°T- HATHAAHNY DINIODNS
G8¥'€v0ST-  GPL0LSTO'T  LEGS0'0  T16€8¢0- 98T.L6°0- 769 260 60 G06'¢ OpIXOJNS [AT[ISUI(]
98°9¢¢Tc-  €T0ESLYT'C  80TLO'0  89L9€°0- ¢0T8L0- 769 160 60 TVI¢C ANOLINS ANVING-F'T
LV0°89T0C-  T¥698€1E€'c  LTL90°0 ¢e9¢°0- Ge0LL O 769 260 60 GLCC ouojmsouedord-¢‘T
CIREVEVe-  LEG009PE T  SOLTIO0- €660~ G9.L¢6°0- 76'9 L6°0 60 ¢¢c'c-  HLVNOATNASANHAZNAI TAHLAIN
L9¢'CET61- ¢S0GT0C' T LCI60°0  L9€9€°0- 6818.L°0- 769 L6°0 6°0 80'¢- HILVNOATASANVHILHN TAHILHIN
AZ1our] JUSWIOTA adrey) TSOM A31a13R30U snipey 1005
resoT, arodi(T ONAT  OWOH 09N OTUIOYY -01399[6] | ! oure

69



Chapter A. Supporting Information for Chapter 2

190°L970T- 6P88CLIS'T  L0LSO0 TE9EE0- 888G°0- 6°CC 10°T IT'T 61~ auojoejordes-uortsdy
11698666~ LECTG86L'T  GLIOYO'0  €8SEE'0- 9028470~ 6°CC 10°T 9T'T  €98°T- QUOR[OIB[RA B[P
8078'86€6-  LPCG6S8L'T  L6LG0°0  990¥€°0- ¢9E840- 6°CC 10°T 9T'T  e&8'I- QUOIIB[OIO[BA ~BUIUIRL)
697¢°0€€8~  86CI80LL'T  TILGO0 T9¢¥E0- 9v¢84°0- 6°CC 10°T IT'T  LLLT- ouOjORIOIAN -RUITIRY)
898G°6¢€8-  TC6EETYI0 996600  FITIE0- ¥1009°0- 6°CC 10°T IT'T  ¥SV'1- HLVLHDV TANIA
6VcETEV6-  ¢V6488G9°0  616590°0 ¥REVED- 6€619°0- 6°CC 10°T 9T'T  ¥94°T- HLVYALNCOSI TAHLAN
26L°66¥01- 910¢16¢9°0  TvLG0°0 TIEVE0- €61€9°0- 6°CC 10°T 9T'T  ¢va'1- HLVHALNY TAHLHA
86TL.°Ggc9-  TPG09L89°0  G09G0°0  G669¢°0- ¢8609°0- 6°CC 10°T IT'T  ¥v'l- HLVINHOAd TAHLAN
TPGETEY6-  C8986L89°0 690900  9CLVE 0~ 19¢¢9°0- 6°C¢ 10°T 9T'T  TLG'T- HLVNOIdJOYd TAHLHA
6488°¢9€8-  908LL9€9°0  ¢EEI0°0  698¥E0- 9v1¢9°0- 6°C¢ 10T 9T'T  ¥eS'1- HLVNOIdOdd TAHLAN
€00G°TEV6-  L¥c00889°0 ¢190°0  ¥¥PPe0- 199¢9°0- 6°CC 10°T 9T'T G8G'T- HILVLHOV TAdOUdOSI
L1G6°C9€8-  66978979°0  L66G0°0  G8IVE0- 1€L29°0- 6°CC 10°T 9T'T  PLGT- HLVLHOV TAHLA
6V ¥6€8-  69L6967T°0 998600 €E0¥E0- 86.€9°0- 6°CC 10°T 9T'T  €8¢'T- AURTOWAXOOWAXOTY
68L°19€8- G0-HV0'T €L0T°0 GIVv0E0- 9L919°0- 6°C¢ 10°T 9I'T  G¢'T- ANVXOId-¥'1
606676604~ 8GGeyVLIV'0  6¢¢0T°0  T10¥¢E0- ¥98¢9°0- 6°C¢ 10°T 9T'T  €Le'T- ANVTOXOId-€1
€960°98€L-  9L.L29¢96°0  9¥P60°0  EVIEO- L00¢9°0- 6°CC 10°T 9T'T T1IV'I- NVHAJOHYTAHVILHAL
8600°98€L-  619€47599°0  60¢60°0  LcOTE0- 8GT€9°0- 6°CC 10°T 9T'T ¢6V'1- NVINIOHJAHVULHALTAHLIHING
€4V LTE9-  TG98980L°0  TIT60°0 8ITTE0- 8¢VC90- 6°CC 10°T IT'T  ¥Sv'1- NVHNAOHAAHVYLAL
€L61°68€8-  TC66LT0°0  €9190°0 64¢°0- 706050~ 6°C¢ 10°T 9T'T  690°T- NVINATAHLANIA-ST
6L96°1G¢9-  €PCL8IC0  96€S0°0 ¢ES8C0- GcI87°0- 6°CC 10°T 9T'T  ¥88°0- Nvdnd
V¥9°LOV0T-  6L91766C°0 9680°0  ¢8L9€°0- 696,90~ 6°CC 10°T 9T'T  88¥'I- jeTIoqIed TAT)OU TAYIY
LGT9LYTT-  CIPIOPPSTO0  6LC60°0  6L99€°0- L8L9°0- 6°CC 10°T 9T'T  <C6V'1- HIVNOIYVD TAHLUIA
6CVT'6€€6- €PCLE6L0'0 860600 €L89¢°0- ¥0cL9°0- 6°CC 10°T 9T'T  ¥4¥'1- ojeTIoqIRd AU
9¢'¥00¢T-  LPLCcOT6'T  T8S90°0  €6c6E0- 98€.L4°0- 6°C¢ 10°T 9T'T  69G9°T- 9YRUOTRD SUIAY}P0ION]]
GT6CCLC6- TLGCRIER'T  6GS€0°0  8LGTE0- 6806470~ 6°C¢ 10°T 9TI't  19°1- HLVNOAYVD UNHTANIA
98%°90€6-  TPLIT60'C  666L0°0 €6GLE0- T€T6S°0" 6°C¢ 10T 9T'T  LyL'1- 9YRUOTRD SUD[AYIY
VOT'GLEOT-  TOPBILIT'C  808L0'0  6TLEO- ¥¥€6S°0- 6°CC 10°T 9T'T  68L°T- HLVNOAYUVD UNHTALOYd
88T'89GTT- GCELTITI0  9%090°0 9v€"0- V1L29°0- ¥6°9 1670 60 €¢¢ HILVLHOV TANVOSI
PGOT'€CS6-  9PPG0886°'0  ¢99€0°0  909T€°0- €6994°0- ¥6°9 160 60 L61°C- au0%aY A0 [Amg
909'9€9¢T-  T1¢8GS689°0  9I8G0°0  80O¥E0- V619°0- 769 160 60 VIce orerfing 1Amg
€896°L6€6-  606LL979°0 ¥0800°0- 6LG¥E0- G¢1¢9°0- 769 L6°0 60 €LcC HLVTAYOV TAHLA
GL8V'6CE8-  ¢8CG0ELG0  98L00°0- S¥IVE0- 8¢0¢9°0- ¥6°9 2670 6'0 G96T°C HLVTAYOV TAHLIIN
8TV ¥8C9-  LS9€E6VE0'T  L8ITO0-  ¥E¥ce0- 8995470~ ¥6°9 2670 60 6T¢ ANOLHAM TANIA TAHLHN
A310U7 TIOTWOTN adrey) TSOM A1ATyRSOU snipey 1005
resoT, arodi(T ONAT  OWOH 09N OTUIOYY -01399[6] OTUOT I owet

70



Chapter A. Supporting Information for Chapter 2

¢re0'¢cs6- 169666660  LvSe€0'0  ¥I9STE0- ¢v694°0- 6°¢CC 10T 9T'T 84T~ HANONVILAHIHC
79L'66V0T-  TL6STEC9'0  ¥I090°0 LEITE0- T€LC9°0- 6°CC 10°T 9T'T 68461 HALVIADV TALNI-N
TEV'TGLLT-  G996C¢LS'0  9T900°0 9G0€E 0- G1€90- 6°CC T10°T 9I'T  66E°T- 9U0319980I0[Y )
7290'86€6-  ¥6LESE¥9'0  61T00°0- 8GLTE0- ¥619°0- 6°CC 10°T 9T'T  €8G'T- HLVTAYOVHLAN TAHLHIN
7890°06€9- 86V6IVET'0  9L660°0 €€1¢E 0 ¥96¢9°0- 6°CC 10°T 9I'T  €LV'I- HHHLA TAHLHAIA
8€9¢°67cS-  TO6TIV060'T  €L¥€0°0  80STE0- LTLGG0- 6°CC 10T 9T'T 9'1- U0}y
VQLVIT-  9PLV696L°0 969600 ¢R0EES0- 65609°0- 6°CC 10°T 9T'T ¥Q1- 93e300® [AYPAXOYIOIN-G
ISV6°G86L-  L9L9€T66°'0 #9600 T1E€SCe 0- T0TPS°0- 6°CC 10°T 9T'T  SEV'I- TVNVINHJ
G69'9¢9¥1- ¢€90¢80¢e'0  G6ST0°0  €STLCO- 861960~ 6°CC 10°T 9T'T ¢r'1- HHHIA TANHHJIA
8CC'I8LST-  LI6T99GL°0 RLETO0- 160€°0- 16¢29°0- 6°CC 10T 9T'T 6€T°¢C HLVOZNHA TAZNHI
ST TOV0T- €89066ET'T  ¥9¢C0°0- C6STE 0 Y7946 0- 6°CC 10T 9T'T G€9'1- UANONHHJOLHADYV
LV19°6CE8-  G6618960°0 CICH0'0- TI¥VETIEC0- 8G9¢S°0- 6°CC 10°T 9T'T G€C'1- auoIpouRINg-¢‘g
676 ETEET 6¢0CcS'0 888800  G699¢°0- 989¢6°0- 6°CC 10°T 9T'T 9L°1- HALVATASTAHLAIA
L9C°CET6T-  L¥PLCTIOC'T  8¢I60°0  99¢9¢°0- 88T8L°0- 6°CC 10°T 9T'T  LgS'T- HIVNOATNASINVHILAN TAHLAN
69690676~ <¢ECO86IT'T  8OTE0'0  89€0€°0- T198G°0- 6°CC 10°T 9I'T  6L9°T- ANONVXHHOTOADTAHLHING
6087°¢666- ¢99¥0c0C'T  8S060°0- €€1¢E0- 8G€G0- 6'CC 10°T 9T'T LG°T- opATapleZUag
9V 69711 GEGS8IR'0  88TE0'0  6979¢°0- 6GLG6°0- 6°CC 10T 9T'T  LL0°C- [O9®TRILY)
ST 19701~ 8GGOTET'T  €92¢¢0°0-  €6S9T1¢°0- 17946G°0- 6°CC 10°T 9T'T  G€9'T- ANONHHJOLHADY
9L9¢°96¢8-  9EVCI98LE'T  GLBEO'0  T80TE0- SYIrvaeo- 6°CC 10°T 9I'T  1I8V'I- QURINI(J
Yev9'€GEL-  €STICVICT'T 999200  GSR0€°0- 6105G°0- 6°CC 10°T 9I'T ¢€9'1- HANONVINHJOTOAD
L90°T9¢L-  CI9STGTE9'T  L8CS0'0  679GE°0- €0L94°0- 6°CC 10°T 9T'T ¢649'T- suojoeordor g
T90°L970T- 678]CLIR'T  LOLSO'0 T€9€E0- 88860 6°CC 10°T 9T'1 6°1- HANOLOVIOUdVD
9G¥C'CeV8-  6E67666T'T  926C0°0  ¥CL0OE 0 8924G°0- 6°CC 10°T 9T'T  ¥99'T- ANONVXHHOTOAD
LCLCve0T-  €6SEIRIL'T  TIPCIO0 ¢6¥9¢ 0- 9674°0- 6°CC 10°T 9T'T Sv'1- HATHAAHNY DINIODOAS
Gl¥V'E€V0ST-  GPL0LSTIO'T  LEGS0'0  T6€8C0- 98TL6°0- 6°CC 10°T 9T'T  €8T'C- OPIXOJNS TATIDWI(]
98°9¢cTc-  €T0ESLVI'c  80CTLO'0  89L9E°0- ¢0¢8L°0- 6°CC 10°T 9T'T <¢SL'T- ANOIINS ANVING-FT
LV0'8910¢- T¥69S8ETe'c  Lcl90°0 ¢69¢°0- GE0LL O 6°CC 10T 9T'T Tc¢L'1- suojnsauedorJ-¢‘1
SIS EVEVC-  LEE009FE' T  8OLTO0- £€6e°0- G9.¢6°0- 6'CC 10°T 9T'T 89'T-  HILVNOATASANHZNHI TAHILHIN
L9C°CET6T- ¢G0STOC'T  LZTI60°0  L9€9¢°0- 68T8L°0- 6°CC 10°T 9T'T  LgS'T- HIVNOATASINVHILAN TAHLAN
670°C6TI6T- 66¥8CcP90'c  66L90°0 G69€€°0- 18066°0- 6°CC 10°T 9T'T  6L8°T- ANVIOATNS
G86'7C6EC-  9L¥69Cc¥6'0  80€80°0  LTISVE0- €880 T- 6°CC 10°T 9T'T  LLT'C- HLVHdSOHd TAHLATY.L
COV'61L0C-  TC66I8LY'0  98¢60°0 86G6¢0- 8780 1- 6°CC 10T 9T'T 180°¢- HLVHdSOHd TAHLANIY.L
€GCL9V0T-  SOLTICIS'T ¢860°0  ¢66€€°0- ¢6684°0- 6'CC 10°T 9T'T  €E8'T- QUO3OB[OUEXIH -BWIR )
AZ1our] JUSWIOTA adrey) TSOM A31a13R30U snipey 1005
resoT, arodi(T ONAT  OWOH 09N OTUIOYY -01399[6] | ! oure

71



Chapter A. Supporting Information for Chapter 2

898G°6¢E8-  TC6EETPI'0 996200 VITIE0- ¥1009°0- 1°6¢ 16°0 ¢9'T 9L0°T- HLVLHDV TANIA
67CE TEV6-  CV6S98899'0 616S0°0 T8ETVE 0 66619°0- 1°6¢ 16°0 ¢8'T 99T°T- HILVIALNGOSI TAHLHN
L6L°6670T- 9T0¢16¢9°'0  T¥LS0°0 TIEPE0- €61€9°0- 1°6¢ 16°0 ¢8'1T CvI'l- HAILVYALNG TAHLA
861.°GCc9-  TPG0SL89'0  S0SS0°0  G6C9¢°0- ¢8409°0- 1°6¢ 16°0 ¢S'T ¢80T HLVINHOA TAHLAIIN
IPGee 1EV6-  ¢€8986.89°'0  69090°0 9¢LyE 0- 19¢¢9°0- 1°6¢ 16°0 ¢S9'T CLT'T- HLVNOIdOYd TAHLA
6G8K8°C9¢8-  908LL9€9°0  €€€90°0 698¥¢0- 9V12¢9°0- 1°6¢ 16°0 ¢q'T  €eT'I- HLVNOIdOYd TAHLAN
€00S°TETV6-  LVC00889°0 ¢190'0  ¥¥i¥e0- 19929°0- 1°6¢ 16°0 CS'T L8T'T- HLVLADV TAJdOYdOSI
LT1G6°C9€8- 669789790  L66S0°0  S8ITE0- T€LC9°0- 1°6¢ 16°0 ¢8'T G8T'T- HILVIADV TAHLA
6777668~  69L6967T°0  99860°0 €€0VE0- 86.£9°0- 1°6¢ 16°0 ¢S'T 1880 OURTJOULAXOYJOUWAXOY
68L°19€8- SO0-UV0'T €L0T°0  ST1Vv0€0- 9.919°0- 1°6¢ 16°0 ¢8'T 888°0- ANVXOIA-¥'1
6066°66CL- 8GCCVLIV'0  6¢c0T'0  TOVeE 0- 798¢9°0- 1°6¢ 16°0 ¢S'T T116°0- ANVTIOXOIA-€T
€960°98€L-  9LL.929S¢°0  97¥60°0 evie0- L0029°0- 1°6¢ 16°0 ¢S'T 8¢O'T- NVHAJOHJAHVYHLAL
8600°98€L- 619€S799'0 602600 LcOTE0- 8G61¢9°0- 1°6¢ 16°0 ¢8'T  G60'T- NVUHNAOHJAHVUHLALTAHLHAIN-C
€QCV LTE9-  TG98980L°0  TI9T60°0 SITTE0- 8¢¥¢9°0- 1°6¢ 16°0 ¢8'T 990°T- NVHNAOHJAHVYLAL
€L6T 68€8- T¢66LT0°0  ¢9T90°0 69¢°0- ¥0605°0- 1°6¢ 16°0 ¢S'1T IVl O- NVUINATAHLANIA-S'G
6LG6°1GC9- EVCLSTIC0  96650°0 ¢E98C0- GCI98Y°0- 1°6¢ 16°0 ¢8'T <€090- Nvdnd
779 LOV0T-  6L9T¥66¢C 0 9680°0 ¢8L9¢°0- 69G6L,9°0- 1°6¢ 16°0 ¢S'T 80T'T- 9yetoqIed [ATjour (A3
LST9LVIT-  CIPOFPPST'0  6LC60°0 6L99¢°0- 18L9°0- 1°6¢ 16°0 ¢8'T  90T°T- HAILVNOIYVD TAHLAIA
6CV1°66€6- €VCLE6L0'0 86060°0 €L89¢°0- ¥0¢.L9°0- 1°6¢ 16°0 ¢S'T S8LO'T- oyenIoqIed [ATRoUI(]
9¢v00CT- L¥LCcOI6'T  1I8990°0 €2c6e 0- 98€.LG°0- 1°6¢ 16°0 ¢cq'l 1¢°1- 9yRUOTED JUI[AYID0ION] ]
GTI6C €LC6-  TLCCRIES'T  6GGE€0°0  SLSTE0- G806G°0- 1°6¢ 16°0 cS'1T 9vC1- HLVNOIYUV) ANHTANIA
987°90¢6- ¥vL9160°'C 666100 €CSLE0- 16165°0- 1°6¢ 16°0 ¢8'T 99¢'1- 9)eU0qIED JUS[ATY]
FOT'GLEOT-  TOPSTILIT'C  80SL0O0 6T1LE0- ¥7e64°0- 1°6¢ 16°0 ¢8'T L6E°T- HILVNOGYVD UNHTAJOYUd
88T'89GTT- CCELITTI90  95090°0 97e 0- ¥1L29°0- 6°CC 10°T 9T'T T09°T- HLVLADV TAINVOSI
7G0T'€CS6-  9PPae0886'0  ©99¢0°0  9091€¢°0- £6996°0- 6°CC 10°T 9T'T ¢RSG'I- ou0ay [Ayje [Ang
909°9€9¢T- 1¢R84G9689'0  91850°0 0760~ ¥619°0- 6°CC 10°T 9T'T  8LG'T- oyerfing Ayng
€896°L6E6- 606LL979°0  ¥0800°0- 6LS¥E0- GCIC9°0- 6°CC 10T 9I'T ¢&9'1- HLVTAYDV TAHLH
GL8V'6CE]-  €YCE0ELG'0  98L00°0- SP9I¥E0- 8¢0¢9°0- 6°¢CC 10T 9T'T LG°T- HLVTAYDV TAHLAN
8T ¥8C9-  LG9E6TVE0'T  L8ITO'0- TCvae 0 89966 0- 6°CC 10°T 9T'T 8G'T- ANOLHAM TANIA TAHLAN
€00S°TEV6-  TET9C889'0  TCI90°0  ¥IIve0- 869¢9°0- 6°CC 10°T 9T'T  LR8G'T- HILVLADV TAJdOUdOSI
8C0E98€L-  899TI6TTO'T  80LEO'0D  €L91€°0- 86996°0- 6°CC 10°T 9I'T  TPS'I- ANONVINHAJ-€
TOT'8GG0T- 9€€RGIG0'T ¢Ge0'0  SIC8T0- 78696°0- 6°CC 10T 9T'T  ¥0S9'T- HANO-¢NHLdHH-S-"TAHLAIN-9
7600°6¢CS6-  6066¢L90°T  CISE0°'0  6€01€°0- 97194°0- 6°CC 10T 9T'T  €6G9'T- ououejdo]-
AZ1our] JUSWIOTA adrey) TSOM A31a13R30U snipey 1005
resoT, arodi(T ONAT  OWOH 09N OTUIOYY -01399[6] | ! oure

72



Chapter A. Supporting Information for Chapter 2

¥890°09€9- 86V6IVEY'0  9L660°0 €ETCE0- ¥96¢9°0- 1°6€ 16°0 ¢S'T  960°T- HHHLYA TAHLAIA
8€9€°6¥cSG- TO6TY060°'T  €L7€0°0 8O8TE'0-  LTLSG0- r6e 16°0 ¢9'T  6ICT- QU03IY
VQLVTT-  9PLP696L°0 969900 ¢80€E0- 656090~ 1'6€ 16°0 ¢9'T  6ETT- 9781908 [AIDAXOYIN-Z
I876°G8€L-  L9L9ET66°0  ¥¥6C0°0 T1€9¢E0- T0T¥S 0" 1'6€ 1670 ¢S'T  6L0°T- TVNVINAd
G69°9€97T-  ¢90¢80¢E0  G6ST00  €9¢LC0- 8615G°0- 1'6€ 1670 68T 8GL°0- HHHLA TANHHJIA
8CG'98L8T-  LTI6TI99GL°0 8LETO0-  T60€°0- 16¢¢9°0- 1°6€ 16°0 ¢S'T  C89'T- HILVOZNYAd TAZNHI
GT'T9Y0T-  ¢8906E€T'T  ¥92¢0°0- ¢6STE0- P7944°0- r6e 16°0 ¢9'T  GETT- HNONHHJOLHADV
LV19°6CE8-  G6618950°0 <¢Icv0'0-  TPETE0- 8¢9C40- 1'6€ 16°0 ¢9'T  668°0- QUOIPOURING-CT
6V9°CTEEC-  660CcPS0 888800  G699¢°0- 989¢6°0- 1'6€ 16°0 ¢S'T  V8ET- HLVATASTAHLAIA
L9¢°¢ET6T-  LVPLEIOCT  8¢160°0  99€9¢°0- 88T8L°0- 1'6€ 1670 ¢Sl TPT'T-  HLVNOATASANVHLHN TAHLAN
69G9°0676- <¢€c0869T'T  80TE0'0  89€0€°0- TT¥455°0- 1°6€ 16°0 ¢S'T  98¢C'T- UHNONVXHHOTOADTAHLHING
6087°¢6€6-  ¢99¥0c0C’T  8G0€0°0-  €ETCE0- 8G€4"0- 1°6€ 16°0 ¢S'T  88T'T- opAyaprezusg
9V 69V 11~ GEGRTIR'0  88IE0°0  6979¢°0- 6G.G°0- 1°6€ 16°0 ¢4'T  GEGT- [OoBTRLY)
GT'T9Y0T-  8GGOPET'T €96¢0°0- €6STE0- 1796¢°0- 1'6€ 16°0 (4% N A HNONHHJOLIADV
9L9¢°96¢8~  9EVCIVLE'T  GL8E0'0  180CE0- evryeo- 1'6€ 1670 ¢S'T 9¢T'T- QURIANI(T
Ver9€9€L-  €STCP9CT'T  999¢0°0  SS80€°0- 6T05G°0- 1°6€ 16°0 ¢S'T  LVCT- UNONVINHdJOTOAD
290°T9¢L- CQI9STSTES'T  L8CG00  6%SSE0- €0L95°0- 1°6€ 16°0 ¢S9'T  8ce'I- auojoerordorg
190°L9%0T-  6¥88CLIS'T  L0LS0°0  T€9EE0- 888470~ r6e 16°0 ¢9'T  8LV'I- HNOLOVIOUdVD
9GV¢'eev8-  6E6V666T°'T 926800  76L0€ 0~ 89¢44°0- 1'6€ 16°0 ¢9'T  99¢'T- HNONVXHIHOTOAD
LCL'eVE0T-  €6SCISILT  T¥el00  ¢6¥9€°0- 9€¥4°0- 1'6€ 1670 ¢S'T G601~ HATHAAHNY DINIDOAS
G8%°€EV0ST-  GPLOLST9'T  LEGRO'0 T6E8CO- 981.L6°0- 1'6€ 1670 ¢S'T  GCL'T- OPIXOJ[NS [AYIoWI(
98°9€CT¢-  €T0EGLYT'¢  80CL00  89L9€°0- ¢0G8L°0- 1°6€ 16°0 ¢Sl 9GET- ANOLTINS ANVIOGF'T
Ly0'89T0C-  TP6ISETE'C  LgL90'0  ¢€9€°0- G€0LL7°0- 1°6€ 16°0 ¢49'T  LTe'T- auoymsouedorg-¢‘1
€IS EVEVS-  LEEOOITE'T  8OLTO0- €€¢°0- G9.26°0- 1'6€ 16°0 ¢Sl €9¢'T-  HLVNOJATNSHANAZNHL TAHLAN
L9¢°CET6T-  CSOSTOC'T  LeI60°0  L9€9€°0- 6818L°0- 1'6€ 16°0 ¢S'T  TPT'T-  HLVNOATASANVHLIHIN TAHLAN
6¥0°C6161- 66¥8¢790°¢c  66L90°0  G69€€°0- 1806670~ 1'6€ 1670 ¢S'T GYI- HNVTIOATNS
G86'7C6€c-  9L¥69¢T6'0  80E800  LTSGPE0- €E880°T- 1°6€ 16°0 ¢S'T  TLT- HLVHdSOHd TAHLHTYL
CIOV'61L0C- TC66I8LY'0  G8C60°'0  8EGE0- 8V¥80°1- 1°6¢ 16°0 ¢Sl TI9T- HLVHdSOHd TAHLHNIY.L
€GCLIV0T-  GOLTIETS'T ¢8G0°0  ¢66€€°0- G6€84°0- 1'6€ 16°0 ¢9'T  9Cv'I- QUOJOR[OUBXIH -eUIIIE)
T90°L9%0T-  6¥88CLIS'T  LOLSO'0  T€9€E°0- 888470~ 1'6€ 16°0 ¢9'T  8LYV'T- auojoejoades-uorsdy
11698666~  LEGTG86L'T  GLIY0'0  ¢8SEE0- 9¢¢84°0- 1'6€ 1670 ¢S'T 9STT- QUOR[OIB[RA B[P
8078°86€6-  L¥CG6S98L'T  L6LG0°0  990¥€°0- ¢GE8G 0" 1°6€ 16°0 ¢8'T CIv'I- OUOJIRIOIO[RA -BUITIR,)
697¢°0€€8-  866980LL°'T  TTLS0°0  T9¢¥€0- Y840~ 1°6€ 16°0 CS9'T  LLET- auOjORIOIAI N -RTIUIR L)
A310U7 TIOTWOTN adrey) TSOM A1ATyRSOU snipey 1005
resoT, arodi(T ONAT  OWOH 09N OTUIOYY -01399[6] OTUOT I owet

73



Chapter A. Supporting Information for Chapter 2

IPGee 1EV6-  ¢8986.89'0  69090°0 9¢LyvE 0- 19¢¢9°0- LV G8 68°0 99'T ¢L0'T- HLVNOIdOYd TAHLA
6988°C9E8-  908LL9€9°0  CEE90°0  6987¢°0- 971¢9°0- L7768 680 99'1T €01~ HLVNOIdOYd TAHLHN
€00S°TEV6-  LPC00889°0 ¢190'0  ¥vve0- 19929°0- L7768 680 99'T €60°T- HILVLADV TAJdOYdOSI
LT1G6°C9€8- 669789790 L66S0°0  S8ITE0- 1€L29°0- LV°G8 680 99'T €80T~ HLVLIADV TAHLHA
6777668~  69L696V1°0  99860°0 €€OVE0- 86L£9°0- LV°G8 68°0 99'T 608°0- OURT[JIWAXOYIIWAXOY I
68L°T9€¢8- G0-HV0'T €L0T°0 SIV0OE 0- 9L919°0- LV°G8 68°0 99'T T1080- ANVXOIA-¥'T
60€€°€6CL-  8GCCVLIV'0  6¢C0T'0  TO0VCE0- ¥98¢9°0- LV'G8 680 99'T  9¢8°0- ANVTIOXOIA-€T
€960°98€L- 9212292950  97¥60°0 Svieo- 100290~ L7468 680 99T ¥6°0- NVHAJOHAAHVYULAL
8600°98€L- 619€57499'0 602600 LcOTE0- 8G61€9°0- LVG8 680 99'T L00'T- NVHNAOHJAHVUHLALTAHLANG
€GCV LTIE9-  TG98980L°0  TI9T60°0 SITTIE0- 8¢¥c9°0- LVG8 680 99'T 8L6°0- NVUNAOHAAHVHULHAL
€L6T°68E8- TC66LT0°0  €9190°0 6S¢0- 70606°0- LV°G8 68°0 99'T 6790 NVUINATAHLANIA-S'G
6L96°16C9- CVCL8TC'0  96£50°0 TEY8C0- QG987 0- LV°G8 680 99'T  G¥5°0- NvVdnd
779 L0V0T-  6L91¥66C0 96800 ¢8L9¢°0- 696.9°0- L7768 680 99'T 900°T- 9yetIoqIed [AT3oUr [AT3F
LGT9LVIT-  CIPOPPGT'0  6LC60°0 6L99¢°0- 28L9°0- L7768 680 99°'T 10°T- HILVNOGYVD TAHLAIA
6CV1°6666- €PCLE6L0'0  86060°0 €L89€°0- ¥0¢L9°0- LV'G8 680 99'T 896°0- oyetoqIed [ATjOWI(]
9¢v00CT- LVLCCOTI6'T  18990°0 €¢c6E0- 98€.LG°0- LV°G8 68°0 99'T 6¢T'1- 9)yRUO(|TED JUS[AYID0ION] ]
GI6C €LC6-  TLCCRIES'T  6GGE€0°0  S8LSTE0- G8064°0- LV°G8 68°0 99'T  LST'T- HLVNOIYV) ANHTANIA
987°90¢6- ¥VL9T60°'C  666L0°0 €TSLE0- TET6S°0- LV'G8 680 99'T CLC'T- 9)RUOqIED JUS[ATIF
FOT'GLEOT-  TOPSTILIT'C  80SL0O0 6TLE0- ¥ve645°0- L7768 680 99'T  L0C'T- HILVNOIYVD HNHTAJOYd
8RT'89GTT- CCELITTI90  95090°0 97e0- V1L29°0- 1°6¢ 16°0 ¢S9'T  GICT- HLVLHADV TAINVOSI
7C0T°6CS6-  9PPe0886°0  ¢99¢0°0  9091¢°0- £€6994°0- 1°6¢ 16°0 ¢9'T  VLTI- ouo0jay A3 [Aing
909°9¢9¢T- TcC8GG689°0  9IRKG0°0 807¢°0- ¥619°0- 1°6¢ 16°0 ¢9'T  68T°1- ojerding [Lyng
€8G6°L6E6-  606LL979°0 ¥0800°0- 6L5TE°0- Gg1¢9°0- 1°6¢ 16°0 ¢8'T LETT- HLVTAYDYV TAHLA
GLST'6CE]-  €RCS0ELG'0  98L00°0- SPI¥E0- 8¢0¢9°0- 1°6¢ 16°0 ¢8'T S8LT'T- HLVTAYOV TAHLHN
8TV ¥8C9-  LG9E6TVE0'T  L8ITO'0- ¥Evae 0 89946°0- 1°6¢ 16°0 cS'T L8T'T- ANOLHAM TANIA TAHLAN
€00S°TEV6-  ¥ET9C889'0  TCI90°0  ¥¥Pie0- 869¢9°0- 1°6¢ 16°0 ¢cq'l 61°1- HLVLHDV TAdOYdOSI
8¢06°98€L-  899T6TTO'T  80LEO'O  €LITE0- 86994°0- 1°6¢ 16°0 ¢8'T CST'1- HANONVINHJ-€
T9T'RGG0T- 9€ERGIG0'T ¢G€0'0  STITR8C0- 78694670 1°6¢ 16°0 ¢S'T TITT- HANO-¢CNALdHH-S-"TAHLAIN-9
7900°€CS6- 6066¢L90'T  CISE0'0  6£0T€°0- 97196°0- 1°6¢ 16°0 ¢8'T 69T°T- ououejdo]-§
cre0'6cs6-  T69€€966°0  L¥PSE00  ¥9GT1E0- ¢r4e94°0- 1°6¢ 16°0 CG'T L8T'T- ANONVILJHH-C
¥GL'66V0T-  TL6STEC9'0  ¥I090°0 LEIVE0- 1€L29°0- 1°6¢ 16°0 ¢S'1T ¢0T'1- HLVLIDV TALNI-N
TSV TGLLT-  G996CcL8°0  9T900°0 9S0€¢ 0- Q1S 0- 1°6¢ 16°0 ¢S'T  LVO'I- 9U0}29'0IOY)
7¢90°86E£6-  ¥6LESEVI'0  6TIT00°0- KGLTCE0- ¥419°0- 1°6¢ 16°0 ¢9'T  98T'I- HLVTAYDOVHLHIN TAHLHIN
AZ1our] JUSWIOTA adrey) TSOM A31a13R30U snipey 1005
resoT, arodi(T ONAT  OWOH 09N OTUIOYY -01399[6] | ! oure

74



Chapter A. Supporting Information for Chapter 2

G69°9¢9VT-  <C90¢80CcE0  G6ST0°0  €49¢LE0- 861640 LV G8 68°0 99'T 8EL0- HHHILA TANHHJIA
8CC98LS8T-  LI6T99SL°0 8LETO0- 160¢°0- 16¢29°0- L7768 680 99'T T16G9°T- HILVOZNHAI TAZNHI
ST'T9Y0T- CRI06EET'T  ¥9¢c0'0- <T6ST1E0- ¥7944°0- L7768 680 99'T ¢CET'T- ANONHHJOLHADYV
LV19°6CE8-  G6618960°0 <CIch0'0-  TIVETE0- 8¢9¢S°0- LV°G8 680 99'T  L0S0- ouorpeueIng-¢‘g
679 C1¢EC 6¢0CcPS'0  88880°0  4G699¢°0- 989¢6°0- LV°G8 68°0 99'T 66¢'1- HLVATASTAHLAIA
L9¢°CE16T-  LVPLCTIOCT  S8CI60°0  9969¢°0- 88T8L 0 LV°G8 68°0 99'T 960'T- HLVNOATASINVHLHN TAHLHIN
6969°0676- <CECO86IT'T  8OTE0'0  89¢0€°0- TT¥6G°0- LV'G8 680 99'T SLT'T- ANONVXHHOTOADTAHLHIN-C
6087'¢6€6- ¢9970C0C'T  8G0E0'0- €ETTE0- 8G€40- L7468 680 99'T 4R80T~ opAyaprezuag
9P 69V1T- GEARTI8'0  8YTE0'0  69¥9C°0- 69LG°0- LVG8 680 99'T 86¢°T- [ooeren )
ST 19701~ 8GGOVET'T  €9¢c0'0-  €6S1€°0- 179494°0- LVG8 680 99'T TI€T'TI- UNONHHJOLADYV
9L9C°96¢8-  96VCI8LE'T  GL8E0'0  TK0TE0- Ve o- LV°G8 68°0 99'T 670°T- QURINI(J
Yer9€GEL-  €QTICVICT'T 999200  GSR0E°0- 6T0SG 0- L7768 680 99T ¥PI'T- HANONVINHJOTOAD
290°T9CL- CI9STSTE9'T  LBCS0'0 6¥749SE0- €0L96°0- L7768 680 99T VI'T- ouojoeordor g
T90°L970T- 6¥88CLIS'T  L0LS0'0 T€9€€°0- 888470~ L7768 680 99'T 68¢'1- ANOLOVIOHdVD
9GVC'cer8-  6E6V666T'T  9¢6¢0°0  ¥¢L0OE 0 89¢SG°0- LV'G8 680 99'T S8CT'I- ANONVXHHOTOAD
LCL'CVe0T-  €6GCTISTIL'T  TIPCIO0  ¢679¢ 0- 9¢74°0- LV°G8 68°0 99'T Gc0'I- HATHAAHNY DINIODNS
ARV EV0ST-  GPLOLGT9'T  LEG80'0  T6ERC0- 981.L6°0- LV°G8 68°0 99'T 69T~ OPIXOJNS [ATISUWI(]
98°9¢¢Tc-  €T0CSLYT'C  80TLO'0  89.9€°0- ¢0T8L°0- LV'G8 680 99'T 1I8C'T- ANOIINS ANVING-FT
LV0°89T0C-  T¥698C1E€'c  L2L90°0 ¢e9¢°0- Ge0LL O L7768 680 99T ve'1- ouojnsouedor-¢‘1
SIS EVEVC-  LEE009VE'T  8OLTO0- €6¢°0- G9.26°0- LV'G8 680 99T 8T'T-  HLVNOATASANHZNHAI TAHILHIN
L9¢°CET61- C¢G0STOC'T  LTTI60°0  L9€9€°0- 6818L°0- LVG8 680 99'T 960'T- HLVNOATASINVHLHN TAHLHIN
670°c616T- 667SCP90°C  66L90°0 S69€€°0- 180660~ LV°G8 68°0 99'T Ge'T- HANVIOATINS
G86'7C6EC-  9L¥69C¥6°0 806800  LTISVE0- 68801~ LV'G8 680 99'T G641 HLVHdSOHd TAHLHATY.L
COV'61L0C- TC66ISLY'0  G8C60°0 864 0- 87801~ L7768 680 99'T ¢CIG'T- HILVHdSOHd TAHLHANIY.L
€GC°L9V0T-  GOLTI9CIR'T ¢8G0°0 ¢66¢£e0- C¢6€8G°0- LV'G8 680 99'T €€¢'1- QUOJOB[OUBXI]-BWIUIE)
T90°L9%0T- 6¥88CLIS'T  L0LGS0'0 TE€9€E°0- 888G°0- LV'G8 680 99'T 68¢'1- suojdefordes-uotsdyy
T1¢9'8666- LECIGS6L'T  GLI9P0'0 ¢RGEE 0- 9¢c8S°0- LV°G8 68°0 99'T T16E'T- OUOOB[OIS[BA -BY[O(]
80788666~  LVCS6SGSL'T  L6LS0°0  9907¢°0- C¢GERG 0 LV°G8 680 99'T 8¢&'1- OUOIOB[OIS[BA -BUIIR )
697C'06E€8- 86CI80LL'T  TTILSO'0 T9¢¥E0- 978G 0- L7768 680 99'T T6C'T- ouojOR[OILHN-RTIUIRY)
898G°6¢ER-  TC6EETFI'0  996¢0°0 TITIE 0 ¥1009°0- L7768 680 99'T ¥86°0- HLVLIDV TANIA
67CE TEV6- V64988990 616S0°0 ¥8EVE0- 66619°0- LV 680 99'T €90°T- HLVHALNGOSI TAHLAN
L6L°66V0T-  9T10¢16¢9°0  TVLSO0'0 TIEVE0- €61¢9°0- LV°G8 680 99'T ¥0'1- HLVHALNI TAHLA
86TL°GCC9-  PPG0OSL89°0  €0GG0°0  S6C9¢°0- ¢8509°0- LV°G8 68°0 99'T 1860~ HLVINHOA TAHLAIN
AZ1our] JUSWIOTA adrey) TSOM A31a13R30U snipey 1005
resoT, arodi(T ONAT  OWOH 09N OTUIOYY -01399[6] | ! oure

75



Chapter A. Supporting Information for Chapter 2

67768~ 69L6967T°0 998600 €€OVE0- 86L€9°0- 16°CET 980 18T  ¢89°0- QURTJOUWAXOOWAXOYF
68L°T9€8- G0-H¥0'T €L0T°0  GTIv0€°0- 92919°0- 16°CET 980 I8°'T  889°0- ANVXOIA-F'T
60€€°€6CL-  8GCCYLIT'0  6C¢0T'0  TO¥CE0- 7982¢9°0- 16°CET 980 I8°T  GIL°0- ANVIOXOId-€1
€960°98€L-  9LLL9¢9S°0  9F¥60°0  EVIE0- L0029°0- 16°CET 980 I8°T  T1¢80- NVHAJOHTAHVYLAL
8600°98€L-  6T9€S75G9°0  60¢60°0  LcOTE0- 8G7€9°0- 16°CET 980 I8T 7.8°0- NVUINIOHUAAHVHLALTAHLAING
€9eV LTE9-  TC98980L°0  TIT60°0 8ITIE0- 8CV¢90- 16°CCT 980 18T  T68°0- NVINAOdTAHVILHAL
€L61°68€8-  TC66LT0°0  ¢9190°0 69¢°0- 70604°0- 16°CET 980 8T 99°0- NVINATAHLANIA-ST
6L96°1GC9-  €PCL8IC0  96€%0°0 ¢EY8T0- GcI87°0- 16°CET 980 8T T97°0- Nvdnd
V79°L0OV0T-  6L91766C°0 9680°0  ¢8L9€°0- 696290~ 16°CET 980 I8°T  8L8°0- ojeuoqIed [AT)OU TAYIF
LGT'OLVIT-  CIPOPPST'0  6L660°0  6L199€°0- L8L9°0- 16°¢ET 980 I8°T  LL8°0- HLVNOdYVD TAHLAIA
6CVT°6€€6- €V6LE6L0'0  86060°0 €L8IE0- ¥0c¢L9°0- 16°CET 980 18T  ¢¥80- ojeTioqIed [ATjouI(
9¢'¥00¢T- LvLCcOT6'T 189900  €6c6€0- 98€.G°0- 16°CET 980 18T TO0'T- 9YRUO1RD SUSATIP0ION]]
GT6C€LC6- TLGCRIER'T  6GS€0°0 8LGTE0- 6806470~ 16°CET 980 I8°T  G¢0'I- HLVNOIYVD UNHTANIA
987°90€6-  ¥PLIT60°C  666L0°0 €6GLE0- TET6S°0- 16°CET 980 I8°T  GET'T- 9)RUOqIRD DUSIAT}H
VOT'GLEOT-  TOP8ILIT'G  808L00  6TLE0- ¥e65°0- 16°¢ET 980 8T 99171~ HLVNOAYVD UNHTAJOYd
88T'89GTT- CCELITT90 950900 9¥€°0- V1L29°0- LG8 68°0 99'T <CIT'T- HILVLHDV TANVOSI
PS0T°€cG6-  9¥Pa0886°0  ¢99€0°0  9091€°0- €6994°0- LG8 680 99'T  680°T- au0%aY A0 [Amg
909'9€9¢T-  1¢8G49689°0  9I8G0°'0  80O¥E0- 7619°0- Ly°a8 680 99'T  L80'T- orerfing 1Amng
€896°L6€6-  606LL979°0 ¥0800°0- 6LG¥¢°0- G¢1290- Ly°a8 680 99T PET'T- HLVTAYDOV TAHLA
GL8Y'66E8~  ¢8GG0ELG'0  98L00°0-  S¥IPE0- 8602970~ Ly°a8 680 99'T  690°T- HLVTAYOV TAHLIN
8TV ¥8C9-  L99€6VE0'T  L8ITO0- ¥Evce0- 8994470~ Lya8 680 99'T  ¥80°T- UNOLAM TANIA TAHLAN
€00G°TEV6-  PET9C889'0  TCI90°0  ¥¥Pve0- 86G9¢9°0- LG8 68°0 99'T G60°T- HILVLHOV TAdOYdOSI
8¢0€'98€L-  899T6TTO'T  B80LEO'O €LITE0- 8€99G°0- Ly°a8 68°0 99'T  9G0°T- HNONVLNHJ-€
T9T'8GC0T-  9€ERGISO'T ¢S€0’0  GTese0- 78494°0- Ly°a8 68°0 99'T  STI0°T- UNO-¢"NHLJHH-G-"TAHLAIN-9
7600°€cS6-  60€6CL90°'T  ¢I9€0°0 6€0T€0- V19470~ Ly'a8 680 99T  90°T- ououe)dof-f
¢ve0°€eS6-  16G€ES66°'0  L¥S€0°0 799160~ ¢v494°0- Ly°a8 680 99'T  1I80°T- HUHNONVLJdHIHC
¥4eL6670T-  ¥.681€C9°0  ¥I090°0 LEIVEO- 1€L29°0- LG8 68°0 99'T 860°T- HILVLHOV TALNI N
TEV'TGLLT-  G996CCL8°0  9T900°0  9S0€E°0- GTES 0" Ly°a8 680 99'T  ¥96°0- 9U03eIe0I0TY )
P2C90'86€6-  ¥6LESETI'0  61T00°0- 8GLCE0- PS19°0- Ly°a8 68°0 99'T  8L0'T- HLVTAYDVHLIAN TAHLAN
7890°06€9-  86V6ITVET'0  9L660°0 €ETCE0- 794¢9°0- Ly'a8 68°0 99T 96°0- HHHLA TAHLAIA
8€9¢°67¢cS-  T06T¥060°'T  €L7€0°0  808TE0- LTLGG0- Ly°a8 680 99'T  LIT'T- U0JIY
VQLVIT-  9PL¥696L°0 969500 ¢BOEE0- 65609°0- LG8 680 99T  ¥0'T- 978190 [ATIOAXOIIN -
I876°G8€L-  L9L9ET660  ¥¥6C0°0  TESCE0- T10T¥S°0- LV'G8 68°0 99T ¥86°0- TVNVINHJ
A310U7 TIOTWOTN adrey) TSOM A1ATyRSOU snipey 1005
resoT, arodi(T ONAT  OWOH 09N OTUIOYY -01399[6] OTUOT I owet

76



Chapter A. Supporting Information for Chapter 2

6VG€TEEC- 660CcPS'0  88880°0  S699€°0- 989¢6°0- 16°CET 980 8T SPI'T- HLVATASTAHLHIA
29¢°CET6T-  L¥PPLET0C'T  8¢160°0  99€9€°0- 88T8L°0- 16°CET 980 18T 8¢6'0- HLVNOJATNSANVHLAN TAHLAN
6G99°0676- <¢€C0869T'T  80T€0°'0  89€0€ 0~ TTPSS0- 16°CET 980 I8°T €701~ HNONVXHHOTOADTAHLAING
60876666~  ¢99¥0c0¢’'T  8G0€0°0-  €ETCE 0" 8G€40- 16°CET 980 I8°T 846°0- opAyeprezuog
IV 69711~ GEGRT8'0  88TE0'0 697920~ 69,9°0- 16°CET 980 18T  LeC'T- [OovIRIY)
GT'T9V0T-  8GSOPET'T  €9¢c0°0-  €6STE0- 17945°0- 16°CCT 980 I8°T  L66°0- UHNONHHJOLADV
919¢°96¢8-  9EPCI8LE'T  GL8E0'0  T180CE0- EVPYe0- 16°CET 980 I8'T  8¢6°0- URINI(T
Ver9'egeL-  €STCY9eT'T 999200  G980€°0- 6T0SG°0- 16°CET 980 18T  <I0'T- UNONVINHJOTOAD
L90°T9¢L-  @9STSTE'T  L8¢G0'0  674GE0- €0L94°0- 16°CET 980 8T  TIO'T- ouojoerordorg
190°L9%01-  6¥88CLI8'T  LOLSO'0  T€9€E°0- 888470~ 16°¢ET 980 I8°T 8E¢'T- ANOLDVIOUdVD
98V¢cer8- 66676661 T  9¢6¢0°0  ¥¢L0€0- 89¢5G°0- 16°CET 980 18T  G¢0'I- HNONVXHHOTOAD
LcL’eve0T-  €6SETI8TL'T  TPel00 C6¥9€°0- 9€¥4°0- 16°CET 980 18T ¥06°0- HATHIAAHNY OINIODDIAS
G8VEV0ST-  SGPLOLSTO'T  LESR0'0  T6€E8C0- 98T.L6°0- 16°CET 980 I8 T LCV'I- OpIXOJ[IS TAYIOUI(
98°9¢cTc-  €T0EGLYT'C  80CL00  89L9€°0- ¢0¢8L°0- 16°CET 980 I8°T  8CT'T- ANOIINS ANVINGF'T
Ly0'89T0C-  TP6ISETE'C  LoL90'0  ¢E9€°0- G€0LL 0" 16°¢ET 980 18T <011~ ouojmsourdorJ-¢‘1
CIREVEVS-  LEEOOIVE'T  8OLTO0- €€€°0- §9.¢6°0- 16°CET 980 I8°T  G60'T-  HLVNOJTNASINAZNAL TAHLAN
29¢°CET6T- ¢S0STOC'T  LGT60°0  L9€9E°0- 6818.L°0- 16°CET 980 18T 8¢6°0- HLVNOATASINVHILIN TAHLAN
6¥0°C616T- 66¥8¢r90°c  66L90°0 G69€€°0- 18056°0- 16°CET 980 18T ¢'1- HNVIOATNS
G86°¥C6EC-  9LV69¢T6'0  80€80°0  LTSGPE0- €€880°1- 16°CET 980 8T SIV'I- HLVHdSOHd TAHLHAIY.L
GIOV'61L0C-  Te66I8LY'0  G8C60°'0  8EGE0- 8V¥80°1- 16°CET 980 8T 9¥¢T- HLVHdSOHd TAHLHNIY.L
€49¢°L970T-  GOLTIETR'T 684800  ¢66€E0- ¢6€8G°0- 16°CET 980 18T  88I'I- OUOJIR[OUBXOH -LUITIR)
190°L970T- 6¥88CLIS'T  L0LSO0 TE9EE0- 888470~ 16°CET 980 18T  8EC'I- auojoejordes-uortsdy
11298666~ LECTG86L'T  GLIYO'0  €8SEE0- 9028470~ 16°CET 980 18T  €0T'1- QUOIIRIOIB[BA -BIO(T
80¥8°86€6-  LPCS6S8L'T  L6LS0°0  990¥€°0- ¢9E840- 16°CET 980 8T  8I'T- QUOIIB[OIO[BA ~BUIUIRLY)
697¢°0€€8-  86CI80LL'T  TILGO0 T9¢¥E0- 9v¢84°0- 16°CET 980 I8°T  8¥I'I- ouojdRIOIL NG -RUTUIRY)
898G°66E8-  T66EETPI0 996600  TITIE 0~ ¥1009°0- 16°¢€T 980 I8°T  LG8°0- HLVLHOV TANIA
6V¢ETEV6-  ¢V6488G9°0  61690°0 F¥REVED- 6€619°0- 16°CET 980 I8°T  9¢6°0- HLVYALNCOSI TAHLAN
26L°66¥01- 910¢16¢9°0  TvLG0°0 TTEVE0- €61€9°0- 16°CET 980 18T ¢06°0- HdIVYALNA TAHLH
86TL.°Ggc9-  ¥PG09L89°0  G09G0°0  G669¢°0- ¢8509°0- 16°CET 980 18T  T98°0- HLVINYOJd TAHLIN
TPGeTEY6-  C8986L89'0 690900  9CLVE0- 19¢¢9°0- 16°CET 980 I8°T G€6°0- HLVNOIdOdd TAHLYA
6488°¢9€8-  908LL9€9°0  ¢EEI0°0  6987E0- 9v1¢90- 16°¢ET 980 I8°T  968°0- HLVNOIdOdd TAHLAN
€00G°TEV6-  L¥c00889°0 ¢190°0  ¥¥PPe0- 199¢9°0- 16°CET 980 18T  8G6°0- HILVLHOV TAdOUdOSI
LTG6°C9€E8-  669F8979°0  L6650°0  S8IVE0- 1€429°0- 16°C¢T 980 I8T  S6°0- HIVLIHOV TAHLH
A310U7 TIOTWOTN adrey) TSOM A1ATyRSOU snipey 1005
resoT, arodi(T ONAT  OWOH 09N OTUIOYY -01399[6] OTUOT I owet

7



Chapter A. Supporting Information for Chapter 2

88T'89GTT- GCELTITIO0  9%090°0 9v€"0- V1,290~ 16°CET 980 18T LL6°0- HILVLHOV TANVOSI
PGOT'€CS6-  9PPG0886°'0  ¢99€0°0  909T€°0- €6994°0- 16°CET 980 I8°T  8¥6°0- a0y A0 [Amg
909'9€9¢T-  Tg8GS689°0  9I8G0°0  8O¥E0- 7619°0- 16°CET 980 8T  G6°0- orerfing 1Amg
€846°L6€6-  606LL979°0 ¥0800°0- 6LG¥E0- G¢1¢90- 16°¢ET 980 I8°T  T00'T- HLVTAYOV TAHLHA
GL87'6CE8-  ¢8CG0ELG0  98L00°0- S¥IVE0- 8¢0¢9°0- 16°CET 980 18T  8€6°0- HLVTAYOV TAHLIIN
8TV ¥8C9-  L99€6VE0'T  L8ITO0- ¥evce0- 8995670~ 16°CET 980 18T 656°0- UNOLAM TANIA TAHLHN
€00G°TEV6-  TETIC8RY'0  TCI90°0 ¥IiPe 0- 869290~ 16°CET 980 8T 96°0- HLVLHOV TAdOHYdOSI
8¢0€'98€L-  899T6ITO'T  80LEO'O  €LITE0- 8€994°0- 16°CET 980 8T  ¢6°0- HNONVLNHJ-€
T9T°8GC0T-  9€ERGICO'T ¢S€0°0  GTe8e0- ¥849G°0- 16°CET 980 I8°T  6L8°0- UNO-¢-NHLJHH-G-"TAHLAIN-9
¥600°€6S6-  60€6¢L90°T  ¢I19€0°0  6€01€0- 9¥196°0- 16°CET 980 18T €¢6°0- ououer)dof-f
¢Ve0'€c96-  T6S€ES66'0  LPSE00  P9GTE0- ¢¥89s°0- 16°CET 980 I8°T  LV6°0- HNONVLJHHC
7GL°66V0T- ¥L681€C9°0  ¥I090°0 LEIPEO- 1€L29°0- 16°CET 980 18T  ¥96°0- HLVLHOV TALNE-N
TEV'TGLLT-  G9960CL8°0  9T900°0  9S0€E°0- GTEC 0" 16°CET 980 I8°T  G¥8°0- 9U03eIB0IOTY )
7C90°86€6-  ¥6LESETI0  61T00°0- 8GLCE0- vS19°0- 16°CET 980 I8T  ¥¥6°0- HLVIAYDVHLAN TAHLAIN
¥890°06€9-  86V6IVEY'0 946600 €E€TCE 0" ¥94¢9°0- 16°¢€T 980 I8°T G¢80- HHHLA TAHLAIA
8€9€°67¢G- TO6TYO60'T  €L7E0°0  808IE0- LTLGG 0" 16°CET 980 I8°T  L86°0- U0y
VQLVTIT-  9PLP696L°0  96950°0  ¢80€E°0- 656090~ 16°CET 980 18T 206°0- 978190 [ATI9AXOIN -
I876°G8€L-  L9L9€T66°0  ¥¥6C0°0  T€SCE0- T0T¥S 0" 16°CET 980 I8°T  648°0- TVNVINHId
G69°9¢9VT- ¢90¢80cE0  G6ST0°0  €9CLT0- 86TSS°0- 16°CET 980 I8°T  8€9°0- HHHLA TANHHJIA
8CCI8L8T-  LIBTI99GL°0 8LETO'0- 16060~ 1662970~ 16°¢ET 980 8T TvP'I- HILVOZNAd TAZNHL
GT'TOV0T-  C8906EET'T  ¥9¢c0°0-  G6STE0- 7794670~ 16°CET 980 18T L66°0- HNONHHJOLADV
LVT9°66€E8-  S6618950°0 ¢Tv00-  TPETE0- 8C9¢5°0- 16°C¢T 980 18T L0 QUOIPIURING -
A310U7 TIOTWOTN adrey) TSOM A1ATyRSOU snipey 1005
resoT, arodi(T ONAT  OWOH 09N OTUIOYY -01399[6] OTUOT I owet

78



Appendix B

Supporting Information for Chapter
3

B.1 Optimized structures
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carbonate carbonate carbonate carbonate carbonate carbonate carbonate tetrahydrofuran
tetrahydropyran  1,3-dioxolane  14-dioxane  ethoxymethoxy ethy acetate isopropyl methyl ethyl methyl ethyl methyl
methane acetate propionate propionate formate butyrate isobutyrate
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vinyl acetate gamma- gamma- delta- epsilon- gamma- trimethyl triethyl sulfolane methyl methyl
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benzaldehyde 2-methyl methyl dlethyl 2,3-butanedione benzyl diphenyl pentanal 2-methoxyethy! acetone diethyl
cyclohexanone methanesulfonate surfate benzoate ether acetate ether
methyl chloroacetone N-butyl 2-heptanone 4-heptanone 6-methyl- 3-pentanone isopropyl methyl methyl ethyl
methacrylate acetate 5-hepten-2-one acetate vinyl ketone acrylate acrylate
butyl butyl ethyl isoamyl
butyrate ketone acetate

Figure B.1: Optimized structures of 70 Li-coordinated solvent systems. The gray, red,
yellow, orange, light green, green, purple and white sphere corresponds to C, O, S, P, F,
Cl, Li, and H atom, respectively. M06-2X with Def2-SVP basis set was used in the DFT

calculations
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B.2 Cross Validation Error for each K
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Figure B.2: The CV error (in eV) dependence on the number of descriptors when the
ES-GP regression model was used. The yellow circle shows the minimum in the CV error.
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C.1 Posterior distribution and free energy calculation using
Exchange MCMC

When performing Bayesian inference, it is often difficult to calculate the posterior
distribution. In such cases, we may use MCMC to sample from the posterior distribution
and use the sampled results to perform approximate calculations. In this study, we selected
exchange MCMC|[57]. The posterior distributions p(© | D, K) in the main content are
calculated using exchange MCMC using the following procedure.

1. Using L reverse temperatures, define {Bl}le L0=01<Pa<--<Pr_1<pr=1

2. Let pg, (©; | D, K) < exp (=31 E (©;)) p (©;) be the posterior distribution with inverse
temperature.

3. For each temperature distribution, update {@l}le using the Metropolis algorithm.

4. Create a pair of neighboring temperatures and compute the following probability 7.

. P51 (90 ps (O141)
ps (1) pgi+1 (O141)

5. Generate a uniform random number R in 0 < R < 1 and, if R < r, exchange 01,
and ©;.

6. Return to Step 3.

The posterior distribution obtained by this procedure is the one obtained by pg, .

In order to perform the integration of the free energy with respect to © by sampling
the MCMC method, we consider the following fz(K) with the introduction of the inverse
temperature [ into the free energy.

fo(K) = —log / 40 exp(—BE(©))p(© | D, K)
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Introducing fg(K), Free energy F'(K) can be written as follows.
F(K) = f1(K)
LG
Ry
o OB

_ /ldﬂf dOE(©) exp(—BSE(©))p(© | D, K)
0 J d© exp(=BE(©))p(© | D, K)

1
0

The integral with respect to © is the expectation of E(©) according to a probability
distribution pg(®© | D, K), which can be calculated using the sampling results of the MCMC
method. We can perform Bayesian estimation for the number K of mixture by computing
the free energy.

C.2 Bayesian Free Energy for each K

Comparison of BFE at each K for all trials

Il Kl

140 I K2

[ K3

120 I K4
100
H 80

=a)
60
40
20
0.
0 1 2 3 4 5 6 7 8 9

trial

Figure C.1: Comparison of BFE at each K for all trials. The horizontal axis shows each
trial of the CV and the vertical axis is the BFE. The BFE of K=2 is the smallest for all
trials.
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C.3 Indicator Ranking

The following figures show the top 1000 indicators of the posterior distribution of
the indicators in the prediction of diffusion coefficients by SpLMM. When sampling from
the posterior distribution, the number of unique indicators can be below 1000. In such a
case, all indicators are displayed. The black cells represent used descriptors and the white
cells represent unused descriptors.
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Figure C.2: Indicator Ranking (Trial=0,1)
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Figure C.3: Indicator Ranking (Trial=2,3)
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Figure C.6: Indicator Ranking (Trial=8,9)
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C.4 Predicted distribution of each solvent molecule.

The following figure shows the predicted distributions of the diffusion coefficients
of each solvent molecule in ES-LiR, ES-GP and SpLMM. The results for each solvent
molecule in each Trial are side-by-side, and the predicted distributions for K = 1,2,3,4
are side-by-side vertically. The horizontal axis represents the diffusion coefficient and the
vertical axis represents the probability density. The dotted line is the true value of the
diffusion coeflicient.
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Figure C.7: Predicted Distribution of Diffusion Coefficients of Solvent Molecules (Trial=0,

)
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Figure C.9: Predicted Distribution of Diffusion Coefficients of Solvent Molecules (Trial=4,

5)
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Figure C.10: Predicted Distribution of Diffusion Coefficients of Solvent Molecules (Trial=6,

7)
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Figure C.11: Predicted Distribution of Diffusion Coefficients of Solvent Molecules (Trial=8,

9)
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Appendix D

Database of multiple coordinated
molecules and prediction

In calculating the calculated values in the database created in Chapter 2, we as-
sumed that one solvent molecule is coordinated to Li-ion. However, in reality, several
(typically four) solvent molecules are coordinated to Li-ion in the electrolyte. Therefore,
we performed DFT calculations in a multiple-molecule coordination situation and created
a database. While this database is useful, this calculation is more expensive than the DFT
calculation with a single coordinated molecule and takes several days to several weeks. If
the results of a DFT calculation with multiple solvents can be predicted from the results of
a DFT calculation with one molecule coordinating, we do not need to calculate for every
molecule. Therefore, it is worthwhile to build a predictive model for it. Figure D.1 shows
the predicted values from the DFT calculations with one molecule coordinating to the DF'T
calculations with multiple molecules coordinating using ES-LiR. This result shows that the
prediction accuracy is high for all calculated values except dipole moment.
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HOMO Dipole Moment Coordination Energy

Distance

Figure D.1: Prediction of the computed value from the DFT calculation for a single molecule
to the computed value from the DFT calculation for multiple coordinated molecules.
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Appendix E

Experimental Value Prediction

E.1 Experimental value prediction from calculated values

We tried to predict the experimental values from the calculated values using the
database of alkali metal electrolytes built in Chapter 2. In this study, the acquisition cost
of the experimental values was not a problem because the experimental data were already
available, but in practice, it is often difficult to obtain the experimental data because
of the human cost. Figure E.1 shows the prediction of the experimental values from the
calculated values only using the ES-LiR introduced in Chapter 3. In this study, the boiling
point, density, flashing point and melting point were predicted. For the solvents other than
the melting point, it was found that the prediction of solvents other than the melting point
is highly accurate even from the calculated values.
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Appendix F

Application of Bayesian optimization
to coordination energy

In Chapter 3, GP was used for function estimation (regression). One of the fea-
tures of GP is that it can give not only predictions but also predictive variance. Bayesian
Optimization (BO) is an optimization method that uses both predictions and predictive
variance. In BO, we perform GP estimation from the current results and determine the
next point to investigate based on the value and variance. In this study, we used COMmon
Bayesian Optimization Library (COMBO) [58], which is a Bayesian optimization Python
library that has attracted much attention in the field of materials science calculations, to
verify the effectiveness of Bayesian optimization in electrolyte search using the database
created in Chapter 2. We also verify sparsification of variables in Bayesian optimization.

F.1 BO for coordination energy

We measured the number of searches to find the sample with the highest coordina-
tion energy in the database. BO requires a few randomly obtained data at the beginning,
and the results vary depending on which samples are selected first. Therefore, we ran 100
trials with different randomly selected samples and calculated the average. Figure 1 shows
the mean and variance for a completely random search and a Bayesian optimization case.
In the case of BO, the maximum value was found with less than half the number of searches
than random searches.

F.2 Validation of Sparsified BO using synthesis data

When searching for the maximum value of the y objective variable by Bayesian
optimization, descriptors that are uncorrelated with the objective variable y is expected
to be noisy and the number of searches for the maximum value will increase. We tested
the effectiveness of sparsification in BO by examining how much the number of searches
for the maximum value is reduced by sparsification. For verification, we generated the
following synthetic data. We first generated 100 random sample data in 10 dimensions and
created a database of 100 samples of 10 descriptors. We then used two specific descriptors
from among the 10 descriptors to generate the objective variable y by a linear sum of
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avarage number of iterations to find max
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Figure F.1: Average search times to find the maximum value.

three two-dimensional Gaussian distributions, as shown in Figure F.2a. In addition, to
examine the case where some descriptors have a linear dependency, as shown in Figure
F.2b, we also tested the situation where Figure F.2a is embedded in 3D space and one of
the ten descriptors is represented as a linear sum of the two descriptors used to generate

the function.

(a) Linear summation of the 2-D Gaussian dis- (b) Figure (a) embedded in 3D space
tribution

Figure F.2: Synthesis data

Asin Section F.1, we measured the number of searches to find the maximum sample
in the synthesis data. Figure F.3 is a validation of the data shown in Figure F.2a. This is
a comparison between BO in 2 dimensions with no noise and BO in 10 dimensions with 8
noises. In the case of sparsification, we confirmed that the optimization can be performed
with less than half the number of searches on average.

Figure F .4 is a validation of the data shown in Figure F.2b. "2d" denotes the case
with only two descriptors without noise, "3d" denotes the case with a third descriptor that
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Figure F.3: Average number of searches to find the maximum value. "sparsified" indicates
the case of BO with noisy descriptors pruned and sparsified, and "non sparsified" indicates
the case where all the descriptors are used. In the case of sparsification, the number of
searches was less than half the number of times compared to the case where all descriptors
were used.

is linearly dependent, and the rest with noise. The addition of a third linearly dependent
descriptor did not differ significantly from the case with only two noise-free descriptors, but
we confirmed that the number of search times increased as the number of noise descriptors
increased.

F.3 Sparsified BO

In Section F.2, we verified that sparsification works well in BO using synthetic data.
In this section, we discuss the results of applying it to the optimization of the coordination
energy. In real data, we do not know which descriptors are noise and which are effective,
so we need a framework to decide which descriptors are effective. In this study, we used a
method called the ES-K method to extract effective descriptors. The ES-K method first
determines the number of dimensions K to choose, then trains only the indicators that have
only K descriptors, compares the results, and extracts the descriptors. Since the results of
Chapter 3 already show results for all indicators, the indicator with the highest prediction
accuracy for each K can be selected. In Chapter 3, we used ES-LiR and ES-GP, but since
BO uses GP, we used the descriptors extraction results by ES-GP to prune the noise for
each K.

Figure F.5 shows the results of BO for each K. The horizontal axis shows the
number of iterations and the vertical axis shows the maximum coordination energy found
up to that point. The one with K = 10 is the one that has not been sparsified. This result
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Figure F.4: Average number of searches to find the maximum value in the synthetic data.
We see that increasing the number of correlated descriptors does not significantly change
the number of searches.

o

o

avarage number of iterations

o

(]

shows that sparsification does not make a significant difference. Figure 1 shows the number
of times it took to find the maximum value of the coordination energy. These results also
showed that sparsification did not make a significant difference. Considering the results of
Section F.2, this may be because there is a strong correlation between the descriptors, or
because there are few unrelated descriptors.
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Figure F.5: Results of sparsified BO for each dimension K. The horizontal axis shows the
number of iterations and the vertical axis shows the maximum coordination energy found
up to that point. The red color is the result of BO for K = 7, which is the number of
dimensions with the lowest prediction error in the ES-GP.
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Figure F.6: Number of searches to find the maximum value in sparsified BO for every K
of dimension.
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