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To establish a materials technology for using h{drogen as an energy medium,
it is important to understand the behavior of hydrogen atoms in materials and reflect it into the
materials design. In this study, we developed a numerical framework for predicting the
characteristic behaviors of hydrogen atoms due to the nuclear quantum effects based on the quantum
mechanical natures of both electrons and nuclei, namely, the ab initio approach combining
path-integral molecular dynamics simulations with rare events analysis. Using this method, we
successfully evaluated the free-energy profiles for the diffusion and reaction processes of hydrogen

in solids. Consequently, we elucidated the kinetic and thermodynamic properties of hydrogen and its

isotopes in the typical models of hydrogen-permeation/barrier materials.



X C—19. F—19—1, Z2—19 (58)

1. WFZERRME L IO 5

T, BRI TR VX —E~OEHOEE D P OEAEEZ RO R VX1 - BAEDE
KELTCHATAEZOOBFMANER SN TWA., %% T, METLESE T, ENAT
KRR - WS I OVREHE M2 O K BRI BT O W ST & 3 K D 7= 8 DWFIEBHFE B3R AT T
NTWD. ZhBOKBHAFIICRBNTIE, fxOkFBr gL X—E (B1H, KEWE - {7
A, B, AR - B NICBIT A KFERFOFEE mEICHET S Z EARD 5
BN, KFZBOK I  BEIEHRIIENS OMWREAZ IO DEERKR T L2570, MEHNDKFED
BRI ER (B2 13035, L, (mAT, WEREE) OSEEREA SRS ER T A = LIk EICRT B
BRI R HIE AN 2 S+ % ECARARTH 5.

ZDO—J7, MEOKFEOFEE 2 EEICHR - ET 52 L IFBETLRS TR, 20
FERIZ DWW T S TV W23 20, R & B 2 72 K BRI S I B3 2
MBIBAS 2 HEME T 2122572 5 T, KEOMBINICE T AIEL BV ARF - EF L~ULTTH| - BR
T D200 T T —F st L, $MEHERE O FRARE A2 25k & 13T IS4 5 B A A
HILENUETHDLEEZD. KEOXKBCB W TIFEAEOBRBERICER T E O H X (B
(2, BERPIRIEEh = f L YN, R RE) NERL ETH A TE WAL KIFT
72, Flix OKFTFNVF—MBHIBIT B KEOKIGEF T 4 7 A ZWUNZFH T 2 729121
WHREHICED R S Z ENRERY. ZHET, RAEORETRICER LR - o1
FEENTT D HFIERITEICS TRRROERD OB TRE L TE 720, KFEo X —kE
FATx U C AR S = BB TIE A 72 X, BB RICS B, 2R
THERINAT-D, BB TR FICE S B3R 2 BEMICETT 5 2 L N HEE
Thol-Z &Itk b.

2. WEDOHBY

AWFIETIE, AREHEEAR O &AL D 72D O TR ICE BT 2720, R LB DOWG D
BRI R T 5 KSR O R 5L 70 2680 & Tl 2> i E B FHN T~ 2 72 O O Bl O & - im it
TV ZEERET D, BARRICIE, RS FHAE & BRI R A8 Lz 1T, ERIRRE -
IEMEACRERE 2 532 L 7 A X MENTE L MAEDEDL 2 LICX Y, R EETORETR)
RETD ANTKBEZEBRIT OO OFHOBAFRINET Y > 7 ik (Alh, RS
LT ARy MENE) 2HETL2E2EEE TS, B, G858 KOEKRILEY A% DKFE
TR F =R O BT T N IIT D AKFEDOWAE, LR, R, KPR O RSB IZRE
THMEMEE L, KEHAOBRFIIRD BN YEMENC G 2 5 WELWEICT 5 & &b,
KWL -« BEMERE BT O EHEE A5

3. WOk

AR TIE, (% ENBEKEGRICE S BETIREFE L BRBEVEZESEERIEDH Z LT
A EBEFNORDREANT EF RO HEZEBT L & & B, b)RTERDORE
WA 7 — LTI TRC LB TE W2 LR D BE R HSR (‘LT A X2 b7 L FR
T 5) ZEAICIMHE T 2720 OFGH HFMTIEEZEAN Lz [ REREES L 7 A X ME
Brl BT 5. Uk, EHEARHAEERM KFEx X — B o KEDFEIREER
F ORI BRI A L, ARIEEICBITS AR RV — 25T 5. KEOE
TR BN B ET 5 ]S E, R EETORFTIZONTE—FEEMICTHMET 5
AT EIR LI D Z D, ISR CTARMITEZ KFE =R VX —MEBRICEA L, Z0
Bt % R~

ARFFEIE, ()F —JFEREERE D LT A N2 MEVTEOREE, (b)yKF= X —p ki O kFE
DI« BEHRFEO XX T 4 7 ZADfFEY], 2507 = — X TE[ET 5.

(a) B FERIEFE Y L T A R METIE DOREE

Ry R & B IR EERH R A8 L7 T, BRI e - SR RERE 2 S A LT A X b
fRATIE EFAEDLED ZLICXY, BRI EETORTIREZIY ANTKBZEEN OT- 0
DOFHOETHRWET U 7Tk (D, F—FERREE D LT A Ny MEYTE) 25T 5.
BARRIZIE, TNETOMREE LD THEFAOFE —REREE 0 T8 FHEEREET 5 &
EHIT, ERBIRREFEGR IS FE D < IS RRISIRBMNTIESCA X XA F I 7 AEHFEATHZ LT, R
FHEETOBETHELRY ANT-HHZ XAV —HMIBEZEH7-DD LT A X MK 2 E8
T OVSAAEREE T D, ZHIC XD, MBI OZR72KFEORIG - BENBFRICET 2 BH=xL
X — 2 A IRIEE T CiMli T 2720 O A2 BT 25 & & big, SIRIREY 7Y
TVEERRSE - BATDH 2 L THEAMOERZXK Y o>, WHAMEZIERT 5.

(b) KFEZFNX—MEHFDOKFZEORIL « BEHBFED X317 1 7 ADfiFEH
BELETFHEEZEALT, KBV —MEHZBIT 2 FHEH T T LV ROMBIREIZEBIT S



IKFE G DFFEE - WA BIRR L OV IL 7 DR A - JEBuRfRIC BT 5 B = L — i 2 5
— RN L, KRR - Bt RE Al 5 R O 2 5T 5. TITIE I b ISR
DWIMITHE LR FOTHOREEZN ST L, KBS - BEWER _EOFRE & 722 5 WEiRy ST
U A& WL T 5.

4. WFFERRSE

KREF AT O BEAL DT O FEFHRBICERT 5720, R IZEEETORTORETHRIC
k3 5 KB OR R %8 % TR E BN T 2720 0B FmNTT U o Vi A
L7z, ZHICL Y, BERE0OKEZINX—MEIO AT T BT 5 KEOKIE - BEhERE
DXFRT 47 AT HHMEEG L, KBHEEOETHIIRDIBONYHMENC S 2 5 2%
BMEIC L7=. T ETIE, BLFICZET 28 8EICE Y Ak & 57,

(a) FH—FHEREERE S L T A X ENTTE DRSS

O REEOHELEREHFEZERE L7- LT, EBIRE  IEMHLERE LRI 2 LT A X
MENTEEAGDE D Z LIZLY, e EFOREFIREEZID AT KBS T
DO DOFHROBETRETT V> 7Tk (16, FH—HERREKIES L T A X2 MENTE) ©
Ta N A TEMEE L. ZHUCE Y, BN RE R GBI EER) T &
92 EMHR DA OB OS2 KFE DS - BERRREIZEET 2 B H = %L ¥ — i
Ze BT % 72 6D DR A A FEEL L 7=,

@ BREREBESLT A XY MESEDO T e N2 A TR LTS EEINZ, RS0 T
A & ostring IEOMAGDHICE Y BETOLI LBDLIORNFEID AND Z &
NTE LRI BFILEOWE LMD . T, ZE - WLEIRE)D G OERIREZ TRER
THIDDOREAR LWL, BRORNCEFFATITIAEZROED ZOOEUFETHS
EAARIEICET AV AT LAFEELEDZ. ZNICXY, Fx OMEITOSEERKEDK
i+ BEREFRICEST 5 B B L X — R 2 Gl 2 72 O O P A O3 H P A Rk S 1
7=

@ INETITHEELLE - HEREES VT A X2 MEFTEIZBE LT, HRAEHE 7 OS5
WREETLIHAICH L COEASEEZ AT 27012, REY 7Y o 7iEoEEfLB X
ORI AT, BURIICIE, ROE X A T I 7 A 2RIk 25 & 72Uk
AL, BRAEOETINREBE LTS BEMSORBEN 2 E (Bt BXOeRY
KRZEOTBRE ZEETM L, EREE OLKEZEL CATEOEHMEMRIE L. A
T, WRHY 7)) U TIC L BHREEE R T v v L OREEETFRIES I LA, EEROMEHT
FEBEERDLT AN MEFTORAZ TR L SHE L.

(b) KFEZFNF—MEHOKFEOKE - BENAFED X 1T 1 7 A DR

O WELEFEZFEALT, KEZXAX—MEHCB T 2 E8E T 7 L RO - Fimic
BT BKEOWFE - BEEEEES L OVL 7 HADEA - IEBOBRRIC T 2 BB R X —Hf
% B —RERA RN U, KEWE - BiEtEE &2 Ll 9 2 KO &2 it Uiz, KFER
i BEMELOET VR E L CEERERAFZEHET W, KBRTFORETAE, bR
RHT, TEHC 1T D RINEAD B 2 it L, 24540 0B DK FEOFEEIRED BT Hitg % W
Sz LT,

@ KBWE - BEMEOETT R E L TEHER AT VY AKF M E R, 2 E TERY
RO LN TWRN ST OMEDOZEMARATH - 72, XT V7 AP OKFEFRNAR (#EKHE
& ZHKFE) OIEEARB OISR O KIS 2 R THO TH LT Lz, L, KHE
IR B TIRES SR SIEEE T — AL R IR CEX AL FESEHLE-Z LI
EoTC, LHIRKHAICESTZLDOTHD. B, BEEZEIMENDKZIR T OMILIREE
ERRERL EMEOKIEZ R 5 Z LI A TS

@ Q@OREEZIT T, KB BB LOfEA O 70 b2 4 7L LTHER SN D4
BB A X, KBOERE - JEHEOHEARA D= XA EH LM L. Zc kY, EkT—
DA« REND ZNETCEERELN TV o Fax D8R (RNFYUT A, TAI=
7 L, 8, $R%) P OKEILBAB OB T HE AR D 2 Ll Lz, 2, KT
RS K& DOVEfE - PEEIEIC 5 2 DB A LT D720, N F U ARSI 5 kHE
DY s Ty FEEOEMEFEICE O AT, TS EZE LT, AEWE - o FHiHnie
WCBWTETRVENBEE T D - L2/ LT,

DLEOREZEBU T, WELEFEMME T OKBEEICH L TEWTRIEENZESZ & %
~LTz.



12 12 3 1

s s 75
2020
484-490
DOl
10.11316/butsuri.75.8_484
B. Thomsen, M. Shiga 154
Nuclear quantum effects on autoionization of water isotopologs studied by ab initio path 2021
integral molecular dynamics
Journal of Chemical Physics 084117-1-10
DOl
10.1063/5.0040791
T. Kondo, T. Sasaki, S. Ruiz Barragan, J. Ribas Arino, M. Shiga 42
Refined metadynamics through canonical sampling using time-invariant bias potential: A study of 2021
polyalcohol dehydration in hot acidic solutions
Journal of Computational Chemistry 156-165
DOl
10.1002/jcc.26443
Y. Noguchi, M. Hiyama, M. Shiga, 0. Sugino, H. Akiyama 153
Quantum-Mechanical Hydration Plays Critical Role in the Stability of Firefly Oxyluciferin 2020
Isomers: State-of-the-art Calculations of the Excited States
Journal of Chemical Physics 20110-1-6

DOl
10.1063/5.0031356




Y. Nagai, M. Okumura, K. Kobayashi, M. Shiga

102

Self-learning hybrid Monte Carlo: A first principles approach

2020

Physical Review B

041124(R)-1-6

DOl
10.1103/PhysRevB.102.041124

L. Yan, Y. Yamamoto, M. Shiga, 0. Sugino 101

Nuclear quantum effect for hydrogen adsorption on Pt(111) 2020

Physical Review B 165414-1-9
DOl

10.1103/PhysRevB.101.165414

Hajime Kimizuka, Shigenobu Ogata, Motoyuki Shiga 100

Unraveling anomalous isotope effect on hydrogen diffusivities in fcc metals from first 2019

principles including nuclear quantum effects

Physical Review B 024104-1-9
DOl

10.1103/PhysRevB.100.024104

Yoshifumi Noguchi, Miyabi Hiyama, Motoyuki Shiga, Hidefumi Akiyama, Osamu Sugino 15

Photoabsorption Spectra of Aqueous Oxyluciferin Anions Elucidated by Explicit Quantum Solvent 2019

Journal of Chemical Theory and Computation 5474-5482

DOl
10.1021/acs. jctc.9b00392




Y. Kawashima, K. Ishimura, M. Shiga 150

Ab initio quantum mechanics/molecular mechanics method with periodic boundaries employing Ewald 2019

summation technique to electron-charge interaction: Treatment of the surface-dipole term

Journal of Chemical Physics 124103-1-14
DOI

10.1063/1.5048451

Yong Lik Chang, Takehiko Sasaki, Jordi Ribas-Arino, Masahiko Machida, Motoyuki Shiga 23

Understanding Competition of Polyalcohol Dehydration Reactions in Hot Water 2019

Journal of Physical Chemistry B 1662-1671
DOI

10.1021/acs. jpch.8b11615

Motoyuki Shiga -

Path Integral Simulations 2018

Reference Module in Chemistry, Molecular Sciences and Chemical Engineering 1-22
DOI

10.1016/B978-0-12-409547-2.11614-2

Motoyuki Shiga, Mark E. Tuckerman 9

Finding Free-Energy Landmarks of Chemical Reactions 2018

Journal of Physical Chemistry Letters 6207-6214

DOl
10.1021/acs. jpclett.8b01958




25 12 6

CCMS

2020

2020

M. Shiga

Studies and Special Lecture: Path Integral Simulations

37th Computational Materials Design (CMD) Workshop

2020

2020

2020

2019

2020




dimer

2019

2020

H. Kimizuka

First-principles quantum modeling of diffusion of hydrogen isotopes in face-centered cubic metals

KSME-JSME Joint Symposium on Computational Mechanics & CAE 2019

2019

H. Kimizuka, Y. Iwai, M. Shiga, S. Ogata

Nuclear quantum effects on kink-pair nucleation on screw dislocations in iron: A centroid-based quantum transition state
theory approach

4th International Symposium on Atomistic Modeling for Mechanics and Multiphysics of Materials (1SAM4-2019)

2019

2019

2019




24

2019

2019

H. Kimizuka, S. Ogata, M. Shiga

Mechanical tuning of hydrogen diffusivity in palladium: An ab initio path-integral molecular dynamics modeling

International Conference on Processing & Manufacturing of Advanced Materials (THERMEC®2018)

2018

2018

2018




Ab initio

2018

H. Kimizuka, S. Ogata

Isotope effect on quantum diffusion of interstitial hydrogen in face-centered cubic metals

The 9th International Conference on Multiscale Materials Modeling (MMM2018)

2018

2018

30

2019




30

2019

74

2019

12

2018

M. Shiga

Locating Free Energy Landmarks of Chemical Reactions

3rd International Symposium on Research and Education of Computational Science

2018




15

2018

32

2018

2019

Introduction to path integral simulations

2019




M. Shiga

Basics of biased sampling, umbrella sampling, WHAM, Bluemoon ensemble, quantum effects

Free Energy Chembio 2019

2019

(Shiga Motoyuki)

(40370407) (82110)




