_\\

— X BRE

=

KEHLFIEBLAN 1538 AT LR

ol gtz

ik y g S¥

\K_/_/_

RicHlT5EER -

Ok

LVIEER - & R T LIRS B BIEMRR T — 2 BFHARR

2168 - ¥ AT LIREE BEHERRR b0 U T —2RERRE 42—

S HEMRKFERAT EERFMAR HHFER

cli

3 RadonPy )¢ XenonPy

- EWFEOMS



).¢ XenonPy

7 — 2 EEN R R R OIERIE - ERIE

Ikebata et al. Bayesian molecular design with a chemical language model. J Comput Aided Mol Des 31, 379-391 (2017).

Backward prediction S ~ p(Y|X)

Generator P(X]Y)

Descriptor (o)

Forward prediction p(Y|X) =p(Y|@(X))

g .y

Chemical structure Composition Amorphous Microstructure Chemical reaction Spectrum

fo OO0 Sr,Ti,Of
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Wu et al. Machine-learning-assisted discovery of polymers with high thermal conductivity using a molecular design algorithm. npj
Comput Mater 5, 66 (2019).

Refinement of polymer properties Designed molecules (monomers) Discovery of new polymers
Tg 7 and Tm ./ Generative models of chemical structures Three thermally conductive polymers
8 | £ o) o}
e - 'HNHN]}_@_{) (UNHQ @Og
VLY o] . _NH
4 13
g Mmmp s o
» 8. o NH@NH
§ [ L B {)K/\NH“/KD/\L % 3
E T 0 n —
g. 19 § 8
g (", 3;:' Fmonn, g & =4
g s ' ® Filmed polymers S o3
£ o . s . -
s = YT ® Crystallinity g
® Glassy states o
§ : ® Soluble in organic solvent e
o _"mﬁ.l\,ﬂ?f T ® TC = ~0.408 W/mK Prediction (W/mK)
% -
-500 0 500 1000

Glass transition temperature [C]
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Process & Composition

Cr,Al, O,N
O,TP

Iwayama et al. J. Chem. Inf. Model. 62(20):4837—4851 (2022)

Composition Phase diagram

ALTM,TM, S

Liu et al. Adv. Mater. 33(36):2102507 (2021)
Liu et al. Phys Rev Mater (2023) (under review)

Reactants Synthetic product

A, S o

H

Guo et al. J. Chem. Inf. Model. 60(10):4474—4486 (2020)
Zhang et al. Sci. Technol. Adv. Mater. Methods. (2022)
Ohno et al. ChemRxiv (2023)

Microstructure

574

L=

Chemical structure

) &S

Iwayama et al. J. Chem. Inf. Model. 62(20):4837—4851 (2022)

Spectrum

Composition Crystal structure

TiO, &S

Kusaba et al. Comput. Mater. Sci. 211:111496 (2022)
Liu et al. arXiv (2023)

Crystal or molecule Property

(o}

-0} & Tg, Tm, Cp

Yamada et al. ACS Cent. Sci. 5(10):1717-1730 (2019)
Juet al. Phys. Rev. Mater. 5:053801 (2021)

Minami et al. AAAT 35(10):8992-8999 (2021)

Ikebata et al. J. Compt. Aided Mol. Des. 31:379-391 (2017)
Wu et al. npj Comput. Mater. 5:66 (2019)

Wu et al. Mol Inform. 39:1-2 (2020)

Torres et al. J Phys: Condens Matter. 34(13):135702 (2022)
Hayashi et al. npj Comput Mater 8, 222 (2022)

Aoki et al. Macromolecules (2023) under review

Ry 22— ~ ZBERI - FINER

Software

R d P Python library for polymer properties calculation
aaon y using fully automated MD simulation

https://github.com/RadonPy/RadonPy

Python library for inverse materials design

v
’A Xe non Py https://xenonpy.readthedocs.io/en/latest/

Database

Co-creation of the world’s largest polymer properties database
(105-107 polymers) with Industry-Academia Consortium

¥ Commercially available polymers and polymers in public database

Polymer Ilhrary # Virtual library generated by XenonPy
—
— > Q | ML: Design of Experiments |
L
A

[ Coproduction of data J q

Contributor 1 Contributor 2 Contributor 3

RadonPy

Database I

——
= 4 More than 10° polymers
[— ] 4 Amorphas, oriented polymers, polymer composites,
crosslinked polymers
4 Thermophysical and mechanical properties, etc.
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tetracene (2005)  a-sexithiophene (2008)  2.4-Bis[4-(N.N-diisobutylamino)-
g7

2 6-dihydroxyphenyl] squaraine (2009)
COoCTC il
-0
0 4]

PoLylnfo (literature survey)

~100 properties for 18,015 polymers
NO API

https://polymer.nims.go.jp/

ER-vIalL—ar - HEME
- PEFMICETSAXE

o

4
Polymer Genome (DFT) . ! |
, . . 1 i
~10 properties for ~800 polymers AREBOERPCERATH (MHEIE, : || @
NO API REOERAERE) BB =31}y s o
o - -~ . L I i®]
https://www.polymergenome.org/?m=hom AE/T—RX%ZRIHLESIEVWSE) S e |® |
EPEEIC L, R iy R 1= &)
CROW (literature survey) 0, ML E P, 3
NO API = 2 i I
Zrre - ~ =i Sap I 1
http://www.polymerdatabase.com/ BaEFEICHT S ERME DS % 5 I
R F—RERXATEA LT A4 TH T 11 s ]
CRIPT (10t yet open 74 7% [ = ks
ay . 1 1
MIT + Citrine Informatics ! !
« dataset
https://cript.mit.edu/ 0 . L . L—
0 4 8 12
PCE (%)
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RadonPy

P Hayashi et al. RadonPy: Automated Physical Property Calculation using All-atom Classical Molecular Dynamics Simulations for Polymer
%5& Informatics. npj Comput Mater npj Comput Mater 8, 222 (2022).

=]

€503¢51) GitHub: https://github.com/RadonPy/RadonPy

Latest: 17 properties implemented

#OcTccc(ec1)ClcTcec(eec1)OC(=0)#)(C)C Input: SMILES, polymerization degree,
(2023/03/13) SMILES temperature, etc.
€ Thermal conductivity
¢ Thermal diffusivity Generating 3D conformations of a Equilibration simulation (LAMMPS)
L 2 Den.SIty ' . repeating unit by the ETKDG method NPT, 300 K, 1 atm, up to 50 ns
€ Radius of gyration v . .
€ Specific heat capacity C Repeating unit
P e P . y P Conformation search of a repeating unit Reaching No
¢ Specific heat capacity Cv by DFT calculation (Psid) equilibrium
€ Compressibility (isothermal) state?
¢ Isentropic compreSS|b|I|ty Calculation of electronic properties Yes
4 Bulk modulus (isothermal) . of a repeating unit by DFT (Psi4) _ _ _
¢ Isentropic bulk modulus o Ca":”'f‘*rg;“:fuﬁngf;‘t:i?gnpﬁgemes
& Self-diffusion coefficient m : : -
. . i . Generation of a polymer chain by self-
€ Thermal expansion coefficient Polymer chain avoiding random walk
@ Linear expansion coefficient (about 1,000 atoms) Non-equilibrium MD (NEMD) simulation for
. . . thermal conductivity (LAMMPS
€ Dielectric constant (static) o Cofforee niid : : NVE. 1 :‘s’( )
‘ Refractive indeX ssignment O OGI'(:\EFFI; parameters o
€ CGlass transition temperature
€ Abbe's number Generation of a Simulation eail Calculation of thermal conductivity
S from NEMD
T (amorphous)
Polymer systems Amorphous cell

: (10 polymer chains)
€4 Amorphous/crystalline states

€ Oriented structures
€ Mixtures
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Hayashi et al. npj Comput Mater 8, 222 (2022).

CNFETICERSINE-E2TFDR%H
(PoLylInfo: 16,427)

NL—b78YT4AT7OME

pia A
- sooe-

SHEART L7247,5000 Y 2 — {::_@

(O RETERERY =—)

v d s 1 |4l i

. 2000 4000 GOOO —C.000B.00000.0005 15 2.0 2.5 02 oA
Thermesl conductivity Diersity Ca Lingar expais on Refractive index Ry

REMEZRDOEH 2 o H IS

PREENFEDSHAL IS

CH

™, ™,

PI1 (0.456 Wim-K) PI241 (0.439 Wim'K)

& 19104l

PI305 (0.503 W/m-K) PI626 (0.473 Wim-K)

dododh [1ofod]

PI68T (0.561 Wim-K) PIT11 (0.401 Wim'K)

PIT15 (0.483 Wim-K) PI093 (0.501 Wim'K)

HZERHIPOS5W/(m - K)ZBZBTEINL
FRRUYZ—DEET I LVS FE
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Latest: 17 properties implemented

RadonPy®D;EHHI : Sim2Real

L F B

REDVIab—2arvT— 2 2BORBT —2OREHEN (GBBFE - FAAVER - IVF74T4 VT4 2EBEY)

(2023/03/13)

L 2

I A A X X XA X XX X X XXX X X 2

Thermal conductivity
Thermal diffusivity

Density

Radius of gyration

Specific heat capacity Cp
Specific heat capacity Cv
Compressibility (isothermal)
Isentropic compressibility
Bulk modulus (isothermal)
Isentropic bulk modulus
Self-diffusion coefficient
Thermal expansion coefficient
Linear expansion coefficient
Dielectric constant (static)
Refractive index

Glass transition temperature
Abbe's number

Polymer systems

*

*
*

Amorphous/crystalline states

Oriented structures
Mixtures

Source task: RadonPy

Target task: real-world observations

Reuse as a feature
extractor or fine-tuning

Limited data

11
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Hayashi et al. npj Comput Mater 8, 222 (2022).

(a) MD simulation

Co Linear expansion coefficient Volume expansion coefficient
6000 R =0602 Pz o 0.00040 0178 - '% 0002001 R2 =0217 }/,’
MAE = 1916 = 0.00035. MAE =3.89-5 = MAE = 1.49e-4 o
50001 RMSE = 1972 o = RMSE = 6.066-5 5 0.00175{ RMSE =2.27e-4 s
. -2 0.00030 s
£ 4 0.00150
2 0.00025 ]
g c 0.00125
5 0.00020 a
W £ 0.00100
@ (=%
g 0.00015 % 0.00075
s @
5 0.00010 4 £ 0.00050{ _
= 0.00005 s 0.00025F
[=} o,

s 'S

0 0.00000 < 0.00000

0 1000 2000 3000 4000 5000 6000 0.0000 0.0001 0.0002 0.0003 0.0004 0.0000 0.0005 0.0010 0.0015 0.0020
Polylnfo Cp [W/m-K] PolyInfo linear expansion coefficient [1/K] PolyInfo volume expansion coefficient [1/K]

Reduction of bias and variance
(b) Transfer learning

Cp Linear expansion coefficient Volume expansion coefficient
6000 0.00040 o 7
R? = 0501 e z R? = 0.491 S S 000200f R-0184
000 MAE = 196 1 = 0.000351  MAE = 268e-5 = AE =1.20e-4 o
500435 - 2793 = RMSE = 4.50e-5 5 5 0.0017RMSE =2.23e-4 ~
£ 0.00030 0 2 o050
g 4000 g 0.00025 e 3 °
B S . F iR 2 0.00125
= c » ° .
= 3000 § 0.00020 s 2 0,00100 Ay
L] ;Cu o ° e o g ’ 8
F 2000 50‘00015 % 0.00075
5 000010 £ 0.000501 .
1000 3 8 .
£ 0.00005 ¢ 2 0.00025 ‘
[= ‘ — g
0 0.00000 2= " 0.00000
0 1000 2000 3000 4000 5000 6000 0.0000 0.0001 00002 0.0003 0.0004 0.0000 0.0005 0.0010 0.0015 0.0020

PolyInfo Cp [J/kg-K] PolyInfo linear expansion coefficient [1/K] PolyInfo volume expansion coefficient [1/K]

0>
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HOMO{eV). (-5.75, -5.25) HOMO(eV): [-5.75, -5.25) HOMO(eV): {-5.75, -5 25) HOMO[eV): (-5.75, -5.25) HOMO(eV): {-5.75, -5.25)
—-2.04 LUMO{eV): {-4.25, -3.75) LUMO{eV): (-4.25, -1.75) LUMOIeW): {-4.25, -3.75) LUMO(eV): (-4.25, -3.75) o LUMO[eV): {-4.25, -3.75)
-25
3 3
% 304 :
g Lo , o
¥ 4 )
3 z i ., ) .
R P Lnele, . kvl
351 RO L e Ll Ll g
-4.0
dataset dataset dataset dataset dataset
= MNeighborhood = Neighborhood «  Neighborhood *  Neighborhood +  Neighborhood
= Meighborhood_mean »  Neighborhood_mean »  Neighborhood_mean »  Neighborheod_mean »  Neighborhood_mean
-6.0 -5.5 -5.0 -4.5 —6.0 -5.5 -5.0 -4.5 -6.0 -55 -5.0 —4.5 -6.0 —-5.5 -5.0 -4.5 -6.0 =33 -5.0 -4.5
i Lmaan i
HOMO{eV): {-5.75, -5.25} HOMO[eV): (-5.75. -5.25) HOMO[eV): (575, -5.25) HOMO{eY): {-5.75, -5.25) HOMO{eV): {-5.75, -5.25)
—2.0 - LumMOleN): (-4.25. -3.75) LUMO(eV): [-4.25, -3.75] LUMOIeV): [-4.25, -3.75) LUMOIeV): [-4.25, -3.75) LUMOIeV): {-4.25, -3.75)
-25
=
CEERE
=] . , . . LN
= . 5 - o0 M T ~57 ' 5% X
- ~ ~ - -
Fol, ! . % L, . % B SR v, v ekl v ¥ T,
-351 O R N AR 22 o AR |
4.0
dataset dataset dataset dataset aataset
*  Meighborhood Neighbarhood Neighbarhood Neighbarhaod + Meighborhood
»  Meighborhood_mean Neighborhood_mean Weighbarhood_mean Meighbarbosd_mean s Meighborhood_mean
-6.0 -5.5 -5.0 -4.5 -6.0 -5.5 -5.0 —-4.5 -6.0 -5.5 -5.0 -4.5 -6.0 -5.5 =50 —4.5 -6.0 -5.5 -5.0 -4.5
HOMO (eV) HOMO (eV) HOMO (eV) HOMO (eV) HOMO (eV)

Scharber’s formula for PCBM (Adv. Mater. 18, 789 (2006))

PCE & HOMO-LUMO gap > HOMO & LUMO (DFT-computable)

Y-axis: LUMO

X-axis: HOMO

Blue: generated molecules

Red: molecules selected for DFT
Blue zone: final target

Yellow zone temporary target
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Initial data Training molecules
D ={y, Si} | {Sit

I
\

]

).¢ XenonPy

e ’
>

Bayesian molecular design

! i A4
& | i Generation of
5% Arifin (JSR | Desired property | _ v :
(gﬁ;) (ISR) i y* ’ Property % Molecular candidates —_—
| | prediction generator Sy e S,

Computer experiment: measurement of polymer properties

Property Selection Current target
Vg Vi Sis s S y*

SMiPoly RY 2 —EBE&REET IV

KE 7 AL 1)

V=R =-REERIGETNICEDE
DFRES M4 77 OBE L A

Ohno et al. SMiPoly: Generation of
synthesizable polymer virtual library
using rule-based polymerization
reactions. ChemRxiv (2023).

»
%Eﬁ?‘— 2 Radon Py Computer experiment | _ Experimental design |
* 1 Ujl/—:/El > < > Y =f(S) h max Ay , (S, Y*) <

*

N — . B Thermal conductivity m  Specific heat capacity Cv B Speed of sound
ﬁ {QE & *Eﬂ(ﬁg% (lSM) First princip|es calculation = Thermal diffusivity B Compressibility (isothermal) ™  Thermal expansic
- m  Density B |sentropic compressibility B Linear expansion
- -~ 1) e H H H B Radius of gyration B Bulk modulus (isothermal) B Dielectric constar
J 7 1 /iiﬁg_}g Molecular dynamlc SImUIatlon ®  Specificheat capacity Cp  ® Isentropic bulk modulus

Minami & Fukumizu et al. Transfer learning with affine model transformation.
arXiv (2022) https://doi.org/10.48550/arXiv.2210.09745.

(ZB/H) N R\
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P01~

P02~

P03~
P04~
P05~
P06~
P07~
P08~

P09~ R

P10~
Pilil~
P12~
P8~

P14~ R

P15~

P16~ R

P17~
P18~
P19~
P20~
P2il~

et ERZ HHBEICEERTE a4

w1tk &E% (hydrocarbons)

U XF L% (polystyrenes)
RyEZIL, RyE=
7 7 U ILEIRE (polyacrylate)
NBTvERRY Y-
R x> (polyene)

R YU T —F)L (polyether)

R FAHT—F)L (polythioether)

J 7> (polyvinyl, polyvinylidene)

(halogen containing polymers)

J T X5 (polyester)

RY 7 2K (polyamide)

R L %> (polyurethane)

AU 7 L7 (polyurea)

AU A 2K (polyimide)

U #E7k4¥ (polyanhydrides)

KUY B—REx— bk (polycarbonate)

U7 IV ?2RYT I RUADEREERY <— 2 (polyamine)

RUSZ v RY>axH > (polysilane, polysiloxane)
R KRZ7 7+ (polyphosphazene)

BB

R ZJLF > (polysulfon)

71 7 =L~ (polyphenylene)

ERRE T IV

BEENEEETNLVZHWVWT, 7 F7XADKY
VT—%BMLI-RETA 7T ) 2R

p
p(S) = p(s1) HP{:SIT|31:1'—1)

« SMILESXFIEESDILET L ZIIK
-ﬁ&%ﬁﬁ‘vm%%n,inmwu

.0
vanillin CgHg O,
ocH, S =0=Cclecec(0)c(OC)cl
OH

B |kebata et al. Bayesian molecular design with a chemical
language model. J Compt Aided Mol Des. 31:379-391 (2017)

B Wu et al. Machine-learning-assisted discovery of polymers
with high thermal conductivity using a molecular design
algorithm. npj Comput Mater, 5:66 (2019)

B Wu et al. IQSPR in XenonPy: a Bayesian inverse molecular
design algorithm. Mol Inform. 39:1-2 (2020)



Virtual library example

Machine-learned polyimide

P13-4430

Pa3260 P43-4830

PIMD-4420

P134230

P43-970

Polyinfo
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