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Application of two-dimensional fluorescence lifetime
correlation spectroscopy to immobilized biomolecules

oKazuto Hasegawa'?, Kunihiko Ishii*®, Tahei Tahara®*
! Department of Chemistry, Saitama University, Japan
2 Molecular Spectroscopy Laboratory, RIKEN, Japan
® RIKEN Center for Advanced Photonics, Japan

[Abstract] Two dimensional fluorescence lifetime correlation spectroscopy (2D FLCS) is a
new method of single-molecule measurements, which enables us to observe structural
dynamics of biomolecules in the microsecond time region. In 2D FLCS, however, the
observation time window has been limited to several milliseconds because of the translational
diffusion of the molecules. In the last JSMS meeting, we reported development of scanning
2D FLCS in which we applied 2D FLCS to immobilized molecules on a glass substrate by
scanning sample stage in order to extend the observation time window. In this presentation,
we report an attempt of application of 2D FLCS to individual single molecules through
determining the position of immobilized molecules for further extending the observation time
window. Structural dynamics of Holliday junction (HJ), which contains four arms of double
stranded DNA, was studied by using these two methods and results are compared.
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PERD—3 FHBNETIHBIAT 2 LR TCHoTo~v A 7 n LI VAT —
NDOENMEEL A T IV RABWZ D ENTELIHHO 4 EHEE LT kT
w G FEAAHEE 4y Y HE(2D-FLCS) 2 B3¢ L7Z[1]. LU, Wik It dEii BoES) o 5
BTCIVRIVENT AT I 7 RAFBUARFETH -7, & 2 THAITEER EICEE
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Evaluating Temperature and Molecular Crowding in Biofilms
by Ultralow-Frequency Raman Microspectroscopy
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[ Abstract] Biofilms, which are structured communities of microorganisms, exhibit
distinctly different properties from their planktonic counterparts and, such as, they have been
attracting keen interest. Temperature is one of the most important physical quantities that
determine the state and reactivity of chemical substances in biofilms and hence affect many
biological processes taking place therein. Viscosity is another factor of importance that
reflects intermolecular interactions in a highly dense biological environment (known as
molecular crowding). Here we present that ultralow-frequency (<200 cm™) Raman spectra
can be utilized to obtain information on molecular temperature and intermolecular interactions
in biofilms with high spatial resolution. We constructed a confocal Raman microspectrometer
capable of measuring Raman spectra down to 10 cm™. For measuring biofilm temperature,
we derived correction coefficients for each anti-Stokes-to-Stokes intensity ratio by using the
Raman spectrum of liquid water with a known temperature. In addition, by converting
observed low-frequency Raman spectra of biofilms to "reduced" spectra, we attempted to
evaluate the degree of molecular crowding in a biofilm environment.
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Fig. 2. Reduced Raman spectra (smoothed and normalized) of water at different temperatures (a), sucrose
solutions at different concentrations of sucrose (b), and P. denitrificans BF, together with those of water and
medium (c).

[2% 3]

[1] H. Okajima and H. Hamaguchi, J. Raman Spectrosc. 46, 1140 (2015).



3P083

ERERBEHEBEDNNA T T4 ILVLDIEHS T 9K

S RBEEE T, KRR B R
OFEHET!, RAL, WK

Raman Microspectroscopic Study of Bacterial Biofilms That Corrode
Stainless Steel
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[Abstract] The marine bacterium Aestuariibacter sp. FT01 has been found to form biofilms
on the surface of stainless steel and corrode the stainless steel. Although visualization of biofilm
formation and corroded steel surface has been reported, the molecular mechanism of this
microbially induced corrosion (MIC) and its relationship with biofilm formation remain largely
unclear. In the present study, we used confocal Raman microspectroscopy, which can monitor
biofilm formation in a nondestructive manner and with high molecular specificity, to investigate
biofilms of FT01 with a view to elucidate the mechanism of MIC. We observed space-resolved

Raman spectra of FTO1 biofilms forming on stainless steel. During the course of the observation,

we found that after a certain culture time, a characteristic Raman band appears at ~1737 cm ™!,

and that the intensity of this band increases with the biofilm development. This Raman band is
most likely assignable to the C=O stretch mode of the ester linkage in exopolysaccharides and
is closely related to the biofilm formation.
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Anharmonic vibrational analysis on the active site of nitric-oxide reductase:
a QM/MM study
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[Abstract] We have developed a QM/MM module in a MD program, GENESIS, to perform
anharmonic vibrational analysis of large biological molecules by combining external QM
software and SINDO, a molecular vibrational program. Using this package, such an analysis
was applied to a nitric-oxide (NO)-bound state of cytochrome P450 NO reductase (P450nor).
P450nor is a heme-containing enzyme that catalyzes NO reduction in soil-dwelling fungi and
yeast. The intermediate NO-bound state has a six-coordinate low-spin ferric (Fe**) heme-
nitrosyl complex. QM/MM optimization and vibrational analysis were carried out for several
representative structures, prepared using MD simulations on the basis of X-ray crystal structure
(PDBID: 5Y5H). We found the following: 1) hydration causes an increase in the N—O stretching
frequency; 2) in the previous study, the contribution of anharmonicity to N-O stretching
vibration was overestimated; 3) N-O stretching frequency calculated here is higher than the
experimental value by about 100 cm™!.

[F] bivbiix, QM/MM FHEIZ IS 7= FEFRF R
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1E(PDBID: 5YSH)IZ AU Ore n-0=158° & Jit il LTI V) (Figure 1), Z & E R X#hENL T
Cys352 IZ L DRV b T L A2 LB 2 5 TW5, £7-, IR LGS TONIEE
BRIZ &> T NO BT D N-O [HHEIREUITIZIFZEL L 2N 2 E PRSIV TWD[5],
Z 2T, RS, RO ONT, WD P450nor ET U U LT ICH L.
QM/MM #H§i& g b & FEFAFRBIEAT 21T\, Z4 5 OBRERIZIIT 5 NO BlfL 1 &
Cys352 O#EEZEA, ZIUTPE D N-O & Fe-NO HfEiEEI O 2 b2 R4 Uiz,




[HEFHE] abtsd, A L7ofiE, LT NVT HEO NI V=27 UMD
5OoREMELZTY H L., T XtalV, XtalW, NVT1-5 & L7=, 2 bERDD
MD 5 121Z CHARMMS36 7135[6]% IV 7273, NO B+ & Z DEIIC L > TAE L S
Fe-NO F A HHEIER E D IR T A —ZITAFIE LT\, D7, BEAFRFZE TR E S
TR T A= B FE RIS S W TERR L2 T A—Z A LT2[3, 7.

QM fEik %, ferric heme-NO unit & HliEZ 7 Cys352 OIEHICEY (QM R i<
79) . EOMIE MM ik & L2 (8 MM R 74803 123,286), ffidfom LA Cld, NO
ligand 7> % 20 A DL BT K531 D JEFE 2 [E 8 L7z (B &3 5 MM 203 115,914) ,

QM FHEIEZ B3LYP ILEI% & D3(BI) s #1 & FV -, ZEE IS X 427 1 2K def2svp
ZERM L. Fe JFRFIZEANLT D N, S HF & NO BINLFD O JR+I213 diffuse BA%Z %N
Z 7 (EERE O 892), Z DFHEADEITIZIX, Gaussian09 71 7 F A[8] &M H L
72o MM EHELIZIEZ, MD FH5 &R U 5% 572, Cys352 @ Cp-CofE &R DO QM-MM
BE S aEIE Cl, QM FEIR D Cp R 71213V 7 HIR F- 2L, MM f8ik D CoJfi 1%
Gt/ N—TNOTRCOFRFBERIL0.0 & L,

Macro/micro-iteration scheme (2 & - TR 7= QM/MM i bA%E %2 vy, heme D
Fe Jfi-1-, Cys352 @ S JFi1-, NO EZ 1D N, O MR 7D 4 JF7-1Zxt U CTIEAEIREN AT
EFEME LTz, TO%, 21 2REEET— 1D SIHFICKE<EPD 3 20— K&k
< 9% — FIZ% LT 3MR-QFF & IMR-grid "7 >3 ¥ /L& ->< Y, VQDPT2 #HIC
L oT, IFEHRIEE A RD T,

B Table 1. Typical structural parameters and stretching
[#53R - B£] Table 1 |2 QM/MM #H  frequencies of the P450nor active site from QM/MM
WX o TRD -, RFEHRFEE T A calculations, together with the experimental results.

— X LIRS E £ O, EREEN QM/MM (Closed-shell 1et)

5. KFMZ L2 2 237 B IS Ok AN Xalv_ Xalw _ Nvr2 | P
ZHEET DL NO BIARAVEREL TN 1680 1672 1665 1.67
(LD, THUTHIE LT, o & o 1146 1143 1140  L.15
VreNo A < 720 TC, TAUE Cys3s2ic oy o 2287 2301 2296 233

KD b TR, KINCXVEE 5 b 155.7 158.3 161.9 158
ST DIZEEZEZLND, HEFMER 19462  1967.6 19889  —
FUHREN L D th(vn-o/on-o) 3B £ £ 0.983 | 19134 19321 19568 1853
ThHO ., BRI OERMIEE ¢ 6051 6072 6149
Boa AL Dol Eibhic e 09614 g 5877 5856 5962 530
3, 2 @?E%J@?Fﬁﬁfﬂ’fi%@ﬁﬁyﬁﬁf “Bond lengths in A. “Bond angles in degree. ‘Harmonic
DRz 525 Z LNy InoT, frequencies in cm™'. “VQDPT?2 frequencies in cm™'.
AR TR O 2 vno 1TIE, EBRFE R &
B0 | s &R ORI 20-70 cm™ OZEDNFAE LTz, F72, NVTI-5 TILIERRE
LV 100em ' FEE L o7z, XtalW XD NVT1-5 (2B W TR 705 —
& LT, NVT #HHIZ X - T ferric heme-NO unit DNV ENZELTHZ ENEZ LI
Bo FERLDNIBLEZOEMITIY HREELT D,
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Yagi, K.; Yamada, K.; Sugita, Y., 7o be submitted. [4] (a) Obayashi, E., et al., J Am Chem Soc 1998, 120,
12964.; (b) Riplinger, C., et al., Chem Eur J 2014, 20, 1602.; (c) Goodrich, L. E., et al., Inorg Chem 2010,
49, 6293. [5] (a) Obayashi, E., et al., J Am Chem Soc 1997, 119, 7807, (b) Tosha, T., et al., Nat Commun
2017, 8, 1585. [6] Best, R. B., et al., J Chem Theory Comput 2012, 8, 3257. [7] (a) Meuwly, M., et al.,
Biophys Chem 2002, 98, 183.; (b) Mishra, S., et al., Biophys J 2009, 96, 2105 [8] Frisch, M. ], et al.,
Gaussian 09 Rev. D.01, Gaussian Inc., Wallingford, CT, 2009.
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Dynamics of the near-UV-light-induced peptide backbone cleavage and
dissociation of photo-cleavable protein

oMisato Ikoma, Yusuke Nakasone, Masahide Terazima
Department of Chemistry, Kyoto University, Japan

[ Abstract] Photo-cleavable protein (PhoCl), which is an engineered protein from mMaple (a
kind of photo-convertible fluorescent protein), shows a near-UV-light-induced peptide
backbone cleavage around its chromophore and a following spontaneous dissociation into two
fragments. PhoCl exists as a green fluorescent form (Ex 490 nm, Em 505 nm) in the ground
state. Upon UV light illumination, a transient red fluorescent form (Ex 566 nm, Em 583 nm)
is produced (photo-conversion), and the red fluorescence ceases with the following
dissociation. Here, we studied this light-induced cleavage and dissociation reaction by the
transient grating (TG) method. TG signal shows that PhoCl undergoes a significant increase
of the diffusion coefficient (D) upon photoexcitation, which has been tentatively assigned to a
D change associated with the dissociation. Static measurements of accumulation of the
dissociated form indicate the rate of dissociation is much slower than the photo-conversion
(cleavage) process.

[FF] GFP IcRRFE SN DHHIEH 7 B (FPs) T, AR5 IR ENIAT N T X 5t
o7 —T7 L L TCEIIAA AT ) a—05 TR HnbiuTunad. FPs 1I21E X
F X ERENFEEEEF O TR BILTWDEN, ZOHTY, Kaede, Dendra2 72 & o
Yo FITHRT D BRI RO & X 7 E (peFPs) I, TSRS K o THRAMIT
TR F REBEOBRAZEL, FEa»bRE~ERWIIICEEEEEEL IS
&V D B A FRo. 2017 A2, peFPs O —FfCTd 5 mMaple[1]O 28k & LC, B
A 237 '8 (photo-cleavable protein, PhoCl) 23 s X v72[2]. Z D & > /X7 'E 11X, pcFPs
& RIERICIT SR RS I 0 R AL
FHETRZL L, FENDIR~O N %
HECT=DHIZ, # X 7 BB AR
W AR L CEot & 2k 9 (Fig.l).
PhoCl iZ~7"F Rt i DA R fi i 72 i
HEZAE L 5 L JiTHLIZHI D 720
KL ERLTEY, LBEF~DIS
72 EDRRVIZHIFF S D . ARBFFET
X, W E 35 &L OV R A% 1 1A

(TG 1£) #HWT, PhoCl DRSS
(2 2 fiR B S A IR R A0 R Co
52 &T, B MREESUS OFEM 2R &
AFI T AEHLNZTDHZ EEH
& L. Fig.1. Expected reaction scheme of PhoCl [2]

Spontaneous
dissociation

—_—
2. Spontaneous

dissociation




[F:] Vo7, JefTiF9E[2] C/r S 4u7z PhoCl (27 kDa)? C KuiffliZ 8 kDa @
linker & /il 2. 7= & @ (PhoCl-linker, 35 kDa) % 7= WRISGHIE CIEhES Y612 0k & 380
nm @ LED # M\ 7=, TG HIE TiX, BhdYEiZ 355 nm ©F / #/3r A L—H%— 7'nm
— 712633 nm @ CW L —HF—%& -,

[FR - B£] PhoCl OFAMIT :
7r b AMEREB L OIET 7 b \ | S
AARBEDSEHITH Y, BiIE D Oﬁ\\_ﬁﬁ
385 nm, &)Y 490 nm (WA N\ :
RuaFro. JBA% - MBS, N P w0 s e
Zu b ALREED Sy TR A ke 010 T
THIELILL o TOHRELDZ £ e
ERESNTWS[]. — T

Fig.2 [CHEE¥ 2 T UV-LED 0 %9 7 ==
FE 2 B 4G L 72 ORIk %2 I/
BER L 7SR 75:/%?“. HBHE R T 000 ';f ——
?%ﬁ it%ﬁ%{, 12%552?7\?5;/8\5}::]%:2*? 0 1000 2000 3{0/0;) 4000 5000 6000
1%:%17;’5X19305)’ ;3; 3;;(;?:;);5?& Fig.2. Change of absorbance upon UV-light illumination
i 1, ©» D Sy THETE, 1,28 565 nm (I Z2 B i JEr) 72 AR O AR Rk,
T, WEDOWTHIET D, ZHUE, RS AR (B, BB VB2 M35 &
HESND. F£72, 565 nm LIS OWINE L Z FHT 5 7-0120%, BER o AL ET
&Y, PhoCl OUNMZIZBAA « MBELIAN O BEZNFIET H 2 EDREB STz,

UV 7L ZBEEIC & - T B 7z PhoCl-linker @ TG 185 % Fig3 (7. LIS
FITINZ T, PEBUREDZEACIZ L > TR L 5 IR O 43 T IEBUE 5 03 Bl S furz.
ENTIC LD 3R DIEHN G ENTWA Z b, KoY () BLOARK
W) DOYEBAREL T Dy = 8.0x10" ' m?s™!, Dgo= 1.5x10 ' m?s”, Dp=14x10" m’s™ & A& S
iz, T ORI TIE Dey

Wavelength / nm

&
/

ER Y Y € T AT a—

PhoCl-linker DJEHERE D T 4B 0.12F
@57% DY IN ;ﬁ" Z j/b, i 3 400! iffusion / \

YA XPR7 v~ M7 77 40— 3008 £ |

LD ZOBFEEMRL TS, 3ol | et | M

Dp IZfREEIC X W AE U odn ~ diffusion O O S
BUREE LTRETHD. UL ED 0.041 0.001 0.0l 0.1 |

5, PhoCliZE / ~— & B ol s

@Iﬁfﬁﬂ: »H0, HZ%&{%;&Q{{ Kciﬁ@ molecular diffusion
%‘E}iﬁ; ﬂi,j:/@ 2‘ f: %) ) & % 2‘ E j/l/ 0.00 =t o 178 Y 1 o ot ¥ OSSO e B 1Y e e o
2. _.ﬁ%&: pCFPS @%%@@%% 0.001 0.01 0.1 1

t/s

j\‘_{ sy > . -
PRI IER IR, ZAU S Fig.3. Typical TG signal of PhoCl

TIIFhEEIRRES A F 2 7 2A Dk
HIZE EF o> TWER, TG EBIC X VRIS E R FIRE TH D Z ENRSn. &
BIZZERE RN TZRBIOMRIE 2 25k U, FREESOS O EEIZ DUV T X0 S 7 fighT &2
TOFETHD.

[2%3CHR]
[1] Ann L. McEvoy et al., PLoS One. 2012;7(12):e51314. [2] W Zhang et al., Nat Methods. 2017
Apr;14(4):391-394.  [3] M Arrio-Dupont et al, Biophys J. 2000 Feb;78(2):901-7.



3P086

SWMETAVAREEZEAVEFF O RFRITLUVYS—ED
[ IS #E B AR AT
RN
OgnAbLAR', i FH !

Reaction mechanisms on oxidosqualene cyclase using multistrucural
microiteration technique

oKimichi Suzuki', Satoshi Maeda!
! Department of Chemistry, Hokkaido University, Japan

[ Abstract] Recently, we have proposed a multistructural microiteration (MSM) method
which is a simple extension of the QM/MM-ONIOM technique. The MSM method allows one
to take account of multi-surrounding structures in the reaction path calculations with a
reasonable computational cost. In this study, the MSM method has been applied to the reaction
mechanism of oxidosqualene cyclase(OSC). We will discuss about the reaction mechanism of
OSC and multi-surrounding structural effects along reaction paths.

[F] A% FR2I7 7L 7 7—8BOSONE, (V7L BALOMY IR UGS FF
o%ﬁX77V/mA%%%ﬁﬁéﬁm%ﬁkLfﬂ%hfwé F 72, OSC i34
EINCHKNETH D AT A RKRLVEVDOHIBRIETH DT ) AT — L agh®R I < fik
B2 Z &6 FER - BER OB 1 b OGRS BT 20980 STV B [1-3]. X AR
EIHTIZ LV OSC #EiE R L OBERERE I DWW THREDM T TWAD. 1 K1 IZRT X
2T, Aspd55 D7 FUBENEZ RUT—L LT, X RAZ T L 2(0S)D 2 DD A
FNEBE L 2 EFTOKEBIN Lo TRILT D EE XD
NTW5a. —JF, BEEREHE BT QM/MM #E % AV 2 K
RN ERE SN TWA[2,3]. ZOoWMEICLD &, HBE
BIC 7 m b UoBEhE TR U IRBHBR N 0 B PRI BABR
EATFNVHEBE L KFEBINT L ERHREIN TS, L
UMD, BUSNTESR ) DB T 2 72 D IS H Lo
%4fﬁk%<ﬁm#é P> T, H—DJEHEL H
7e%a, RIGH OOV A XA Z I, 5 2 1T L <
TRAF—Z MK D AN H 5. Z D X 9 2aE,
JE D OREERE S XA EET 5729012 QM/MM MD #EA W
bND. LinLens, EEMERmET 25—, SIS :
KA TQMEtE A 7Y 7 EAT O MENH D, IR Y Lanosterol

PEOIRT EFHRE AR FORPMEE 25, Figure 1. The cyclization

BT, Fox IR FRICBW TR 2 A N CR§MEIZKS  hypothesis of OSC.[1]
TREEMENT AT RE /2 St~ 4 7 v KA (MSM)IEZ TR L,

Fli 2 OG-~ A LTV 5[4,5]. MSM 15, SRR GFHEFIZ MD%/7)
7 ERAWTICEEOE A E A B E T S 2 LI X KIS OB o 72 )5 B
WG 2 S FeIR 35 Z LN FRETH 5. ABFSE T, M%m%%ﬁwTOKW)
BRAU SR (2 SV TR L 7.



[¥EH] MSM 7E1X
Téiz\ﬂ/#‘—%iﬁ%U\Tﬁiﬂ?ﬁ*.

E Emodel high Emodel -low + 2 Ereal low

i=1

ZITC, NIZBEET DEEAMEREZRLTOEZ 0TS DL T 5.
1%, NEOJE PR &) L TR 3 IR T EAM T 2170,

—O0 QM &Ik L CTHEEO B E 2 ZET 5. MSM 1A

Ereal low

exp[-f
EA eXp[ ﬁEredllow
J=1

ZDOFET

R\ R AR R

L. ZHUTED, QM EHEZEINT 5 2 & 7e < EE O B B E 2 B8 L T a3\l
REE2D.

[EHE 7] OSC DOUIHIREEIL X Fibfs |

s s & 72 (PDB:1W6K). X #fE b —%

HEEIKERIL L7 U b Z# MD % TW@&

HAWTREFEEEE RSS2, MSM £ ¢ His232 Va
DYBABHEIX L7 Y B2 MD O s S e
RSVxs RUDBLTRAF—BENS \ \ P
DOOREEZ AV TZ. BOSHDE, K212 /\i \/1: ) \/;f'
RY116 % AV, QM & MM FEIR D | 9
FHE L LIZENE I, B3LYP/def2SV & \“'/\\ﬂo W/
45 L UVAMBER & 7. OGRS ERSR I3 /I— Ox1dosqualene ‘ »

MSMiE%E A L7-GRRM 7' 12 7/ 7A%’:
7 [6].

[#E5 5] X 3 \CHE—0E S %2 v
72063k D QM/MM-ONIOM D # 5%
R HEE BB X AspdsS5 2B OS ~D
7u hBEITHY, AT L Rk

DFRERDESNTZ[2]. LML,
FATHFZETIE Y v b BEhE =R v
EOMBRIIHEMICEZ 20Tk L
T, BEEIC - DRSO N Z
D%, 6 BER-6 BER-5 BEROIAIZELRE
NCEBRIEAL LT, BRIERE, OS WK
FZREEOEEEN 12.3 kcal mol™! & & H
IZmmL 7otz Zo0 X FILIEBE)IX
EERERIICHEIT L, =06 ORGFEREE X
8.1 & 3.1 kcal mol! THHZ & hH»
> 7.

Relative energy (kcal mol1)

Figure 2. Optimized QM structure at reactant.
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Figure 3. Energy diagram of the cyclization path.

BEHOJE S Z WD MSM EOFEE KO RICOWTIT Y ERETS.

[Z2%3CER] [1] R. Thoma, T. Schulz-Gasch, B. D’Arcy, J. Benz, J. Aebi, H. Dehmlow, M. Hennig, M. Sthle,
and A. Ruf. Nature, 432, 118 (2004). [2] B.-X. Tian and L. A. Eriksson, J. Phys. Chem. B, 116, 13857 (2012). [3]
N. Chen, S. Wang, L. Smentek, B. A. Hess, and R. Wu, Angew. Chemie Int. Ed. 127, 8817 (2015). [4] K. Suzuki,
K. Morokuma, and S. Maeda, J. Comput. Chem. 38, 2213 (2015). [5] K. Suzuki, M. Maeda, and K. Morokuma,
Submitted. [6] S. Maeda, Y. Harabuchi, M. Takagi, K. Saita, K. Suzuki, T. Ichino, Y. Sumiya, K. Sugiyama, and Y.

Ono, J. Comput. Chem. 39, 233 (2018)
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Stability and UV-vis absorption spectra of isomers of carbon nanocages

oYoshifumi Noguchi' and Osamu Sugino?
! Department of Applied Chemistry and Biochemical Engineering, Shizuoka University, Japan
2 Institute for Solid State Physics, The University of Tokyo, Japan

[Abstract] First-principles GW+Bethe-Salpeter method is applied to three-dimensionally
extended m-conjugated carbon nanocages consisting of 156 atoms. We simulated the UV—vis
absorption spectra of six possible isomers under the vacuum condition and compared with the
experimental spectra measured in the solution. The best agreement with the experiment is found
for the most unstable isomer. Our simulation strongly suggests that the external experimental
conditions such as solution and finite temperature affect stability.

[FF] EBREAT ORI LY | ITFEMEA 2 RALKFLEY (—200 J1R) BHT7ZIZ
B SITWND, FFIT 3 IRICHICIRDS S TenE T 2 FFondE L4 R 0 I3k R 720k
FRMEZ R T ZEPHESNTEBVIERZED TWVD, W DO FTIEET TITK
BEROY A BRI 2GR FRRIC 2> T Y, LEmMCTOLH IR E - T
T TCND, EFEHEOFEMR MR 255 Z 81X, A% DOICHEZEZDBICEETH D
Z EMMBERIT TiE e < HEERIR I A B MBI R 5 TS 21T Th D,

55— GW+Bethe-Salpeter 1513, i fh RPN R 72 EHE S WIVE O IR % 5
FEIZFHET 522 O TELEREFETH D, FREIC, ~BHRERFRICHLTUITT
([CE L S OFFRPMTONTEY | FElR N F~—2 7 X MR N D AFIEOFHNE
FEORSPELESN TN D, LAL 100 T Raiz 54 X2k LTI EICER =
A SO B F O HEISER 2N DOREIRTH D,

AWFFETIX, 200 JEFFRE DO RITHK UTRE X SOLFRHELFHMT 2 2 &N TE S
% — B GW+Bethe-Salpeter (5D 7' 1 77 LARR 1T o7, £, mlE R FIC
KT DARTIEOHEREE 2R T 572012, ~L Miljr7 (carbon nanobelt (CagHaa).
benzocyclacene (CooHzo). cyclacene (CsoHiz2), Vogtle belt (C7oHas)) & [n,n,n]carbon nanocage
(Ci2+18aHe+120, 1=3, 4, 5, 6)IZ GW+Bethe-Saleter 1£% Jii s L. SEERD UV-vis WL A~

MW EIToT, ZNHDS X L CRHEREZHR LB, K1 IZRT
X 0 HHEZ )y i3 & FF o 72 carbon nanocage (CosHeo) ~ANFiLEZ MG LTz, Z D5y
T 6 DORMEERRE SN TVDEINRI DI BN ONF= RV F—MIIER I
Wz, il O ISP (DFT) IZ K 28T 3L ¥ — i CIEFER THIE S
LTV % carbon nanocage DIEELFFET HZ LN TERV, £ TAMETIIZN
5 6 DDOEMKRDNFHRELFE L, SRR 235 & & B2, UV-vis RILA <7

NV D i & FEER THIE X 41TV 5 carbon nanocage MR DHEE 21T - 72,

[BiR] BRI Y v 7% DL UVavis TINA Y MVEIEE LR D7
DITIE, FhEFIREZIEL SO S BER DD, 7V — 2 BEE TISZE B (L)
(Z%}J" % Bethe-Salpeter 52 (BSE)



L=Ly+LeEL (1)
DEA-R— VAR E)Z8E L TREFZIR /IR0 Anoinsd, LrLZDOE
R —VHHAERAZIZ BB =X —H AT ) ki 27 Y — 2B (G)
TULBEISr L2 (E = 02/0G) TiER SN D T DITHHE 2T AR ATRE Th 5,
Z 2 CHlE X GW L (GWA) 12X 2 ki H =R F—JHE 1 W =icWw) %
FWT
E6W = 93W /G ~ W —2v%*  (2)

& L GWA O T BSE #fi#< (Z OF{E% GW+Bethe-Salpeter (£ & FESY), Z 2T
W TEIA IR 7 — 2 AR AAER (B4R | v 3RO 7 —a AR (BZHE) T
o5, X (2) TSI D R T2 RIITENR T HICFERPTIR E TEE LT
DIZDIEHED & 2 PR A RO D T LN TE D,
ARFETHBEREOR TRAN D L —F, BRREFHE 2 X M9R3030 5 To O Ik 7]
REZR R DY A XIZITHIRD 5 5, & Z TR TILZ OMEZ R T <<, OpenMP
EMPLICE DA Ty RWAHTLITY XLEZERY ANT Tl T LB EIT- 72,
BUFE, MBICBHREZ1T > TEX 2B HRAEIKIE Y v 7 7 A TIXaELFRF iR 2
== Ea—ZEZHWT, 200 RFRREOSFEZFRERTEHL2IC20 25255
[1,2], : :

[#53R - B£] X 112 carbon nanocage (CosHeo)
D6 DORMKOEEZRT, =HRLFXF—NH ' : ‘ >
o EARWEMRND Dy, Sa, Ci, Co, C3, T & T D,(=0.00eV) S ,(=0.06eV) C,(=0.17eV)
NSBFENTWD, BZEHRTITo72 DFT IZ L 5 : :
FEICED L Dy & Se DR XF NI TUT
CEBROBREICE > TEFIEEZ ITANE D S
RTINS, FE, M LEEIZIE, X
PRIEAT ORERIT S LD L —BF 22 LR
WE SN TWVWD[3], LrL UV-vis WL A7 Fig. 2 Atomic geometries of carbon
ML OREITER P Tl TN b edlc &
DFMEARD & OPDBFFETE TR,
ABFZETIZZ D 6 SO REMKIZH LT UY- Cn G G and T.
vis WIN AT MLz R LER & A2 1T -

nanocages. Six isomers are labeled as D3, S,

72 (X 2), WTnoRMEIKIZH KX 78V e Expt.
R BN, B 55— OB L O 2
S B O SN EBRE b k< 5T —a
D EMEAIT (D7 & B BRI b R C3

ER T THAHZ ENDbMNoT-, £7- D> — T

S42C12C2>C2T ELZEMENBADT HITo
NTEBROART MLEDO—FENE L TV D
ZEbbroTz[2], AFEERTIEZ OMICFEH
TRhE AT DFE R A IR T & & B IR D A

Oscillator strength (arbitrary unit)

I
5.0 5.5 6.0

25 3.0 3.5 4.0 4.5
/\o& }\ /I/LZ’—U—-/;\_ 5%2%% fcﬁ k%%%ﬁ%ﬁ“ 5 %lrig«c Photon energy (eV)
% Fig. 1 UV-vis absorption spectra.
[23& 3R]

[1] Y. Noguchi, D. Hirose, and O. Sugino, J. Chem. Phys. 146, 144304 (2017).
[2] Y. Noguchi, D. Hirose, and O. Sugino, Euro. Phys. J. B, 91, 125 (2018).
[3]E, Kayahara, et. al., Nat. Comm. 4, 2694 (2013).
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Theoretical Study of Hydrogen and Water Cluster

oHaruto Saito?, Isshin Nakao®,Yukino Masato Yoshinobu Gondoh?,
Tomohiro Hashimoto?, Suehiro Iwata®
! Nagasaki Nishi High school, Japan
2 Department of Regional Studies, Gifu Univ, Japan
3 Department of chemistry, Keio Univ, Japan

[Abstract]

It is said that “hydrogen water” has good effects for our health and beauty™.So we were
interested in it and had a doubt that it truly existed or not. Because solubility of hydrogen
molecule in water is 1.6mg/L™® and the figure is very small. We searched the internet for the
structure of “hydrogen water” and found a sitel? which claims that the “hydrogen water”
exists in the form of H140. Obviously, the structure is impossible to exist because an oxygen
atom has two unpaired electrons. Nonpolar molecules are also difficult to dissolve in polar
solvent. Therefore, we examined the interaction between hydrogen molecule and water
clusters, and computed how much binding energies they have.

[*]

KBEBKITFLIZ B ORFESLERICODWILE SN TWE .2 2 T BId/AKFEAKIZHELEE
R ARYICHFET 208 2 DEMZ . 72872 5 /KFE O KSR 2 IR E I
1.6mg/L EFEFIZ/INE W=D THDH. LT TA X —F v N TKRFEKDOFFEEIZ OV TR
RCHTZEZD HUO EWVIHIFETHEEL TS & STV NR RSRH 0 Rl
1 i200>71&>7ﬁ0 B 72 F TR AR 57 T DTS T IS N E WD Z D
EZTHLAVBIKWI ETHD.EIT, KFEEKI TAZ—DHASERIZONT
A, 7J<§'?k7k@7 T AR —NLEE LT LD NI OWTEHEFHEZIT T,

[H¥: (328 - #)]

AT TIX F RO

mHz + (H20)n — mH2 + (H20)n

2BV T ,MP2 1L % W CHE G i b 2 17 - 72 8BS0 X O il 1-121% aug-cc-pvVDZ
F 72 1% aug-cc-pVTZ, H Ji121% ce-pVDZ F721F ce-pVIZ A LR Y 7 v & LT
LD Smash ZfHEH L7-.
¥ 7~ aug-cc-pVDZ, cc-pVDZ 128\ TiX LPSPT 4 AW TH AAEH O 17V EHE
V7 hE LT molyx &fEH L7
NEERUBICOWTIIHBEREERNZ S BEZONKELE L WA DBEERLOTZDIC
T huiEr AV,
<ELUTFHNBEIEIZONT >
L& R TR 2 — B ﬁ%ﬂa IR 25°CITH VW CEFE A 1000 [B14T7 - 7-.
FEERBUT mp2/6-31g** TR Y 7 b & L“C GAMESS Z Tz,




<A EAEH OfEHTIZ DUV T >
BSSE - %%huﬂ¢Dm)@ﬁEoiDﬁf%ﬁk%ﬁ#kﬁ%%ﬁmiéfﬁm
T XX DB Kl 2 HFE TROMIELTZH D TH 5.

[AER - 552]
FRT TR —OREEITIRO X 512705,
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Figure 1 Structure of hydrogen moleculue and water cluster

BasioNO |y | @ | wd | s | as | we | an | @
Function
oVDZ 23 | 20 | 28 | 28 | 29 | 33 | -42 | -62
oVDZ

(BSSE-Disp 1.4 2.8 3.4 4.0 9.5 2.9 188.7 | 0.13
correction)

pVvTZ -531 | -8.39 | -12.33 | -16.02 | -14.51 - - -

Tablel Binding energy (kJ)

KFEEIKD 7 T A LZ —ROfE TR/ F—(L Table |TRT10Y TH 5.

FEIEBIEADS pVDZ DOREDFHRIZ DV TIX Ha » (H20)s ZBRVTK Y 7 A X —Z TR L
TAEZOWDLREEL 2D,

FEIERHES pVTZ OREDFHRIZ DOV TIE Ha s (H20)6 IZB W T K W ZE &V 2 DS %
HOTFENTE LT Hz » (H20)7, Hz + (H20)8 (12 W TiL pVDZ L 0 K BRIZEIE = A K
MDE L FHEANEZTE TN,

F£ 72 BSSE - Disp i IEZMAT=T — X & 0T 25 LRI RLZETHDHT-DKRFEL KD
7T AL —DIERITEE L,

é%_lﬁlfﬁmt%@mlL BB KFE ST OBEIRE T TOEMEIX 1.6 mg
EIEFIThEL, 2 %%mﬁﬁ“é TeOWTHKIT TE DK Gy T DB T & 2 Ik
ﬁ%%:@:&#%%m%&m@ﬁﬁx&—®%%ﬁﬁbwit;@k%@&?z&
—IZOWVWTHIIEL TV R H 5.

[2%& 3R]

[1] https://ja.wikipedia.org/wiki/ 7k 3% 7K

[2] http://mww.h140.com/process/manufacture.html
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Quantum Chemical Study of Multi-Step Electron Transfer on Keggin-Type
Polyoxometalates

oAki Takazaki', Kazuo Eda?, Toshiyuki Osakai’, Takahito Nakajima?
! Graduate School of Science, Kobe University, Japan
2 RIKEN Center for Computational Science, Japan

[Abstract] In this study, we investigated the first four steps of one-electron transfer
processes on Keggin-type polyoxotungstates using first-principles electronic structure
calculations. The calculations reproduced the experimental results in which the redox
potential exhibits the linear dependence, especially showing almost the same slope regardless
of which step of the one-electron transfer process, on the x4-O—W bond valence. We tried to
discuss the reason why the linear dependence of each step showed the same slope, using
electron population analysis. The findings obtained in this study will lead to the
comprehension of the mechanism of their multi-electron transfer and then to the development
of multi-electron transfer catalysts.
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Fig. 1. Plots of —~AE™" (n = 1~4) against the u4-O—W bond valence™: n = 1(a), n = 2(b), n = 3(c), n = 4(d).
*k 2 The bond valence was evaluated from the us-O—W bond length in the oxidized form ([XW12040]%).
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[1] K. Eda, T. Osakai, Inorg. Chem.54, 2793 (2015).
[2] T. Nakajima, M. Katouda, M. Kamiya, Y. Nakatsuka, Int. J. Quant Chem. 115, 349 (2015).
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Mechanism of charge transfer

in polymer/fullerene-free type organic solar cell

oNozomi Ohtal, Azusa Muraoka®, Koichi Yamashita?
! Graduate School of Science, Japan Women's University, Japan
2 School of Engineering, The University of Tokyo, Japan

[Abstract]  Organic solar cells have advantages of having flexibility, being lightweight,
being fabricated at low cost. For this reason, researches on organic solar cells that generate
electric with high efficiency have been advanced for practical application.

Recently, in the research fields on the organic solar cells, it has been reported that it
succeeded in synthesizing polymer / fullerene-free (donor/acceptor) type organic solar cell,
and showed the light conversion efficiency higher than polymer/fullerene-free type. In this
study, focusing on polymer / fullerene-free type PTB7 / ITIC complex, we obtain the
electronic structure of complex and absorption spectrum at donor / acceptor interface using
time dependent density functional theory method. In addition, from the viewpoint of
electronic structure, absorption spectrum, and HOMO-LUMO gap, we consider the
mechanism of charge transfer in polymer / fullerene-free type organic solar cell.
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Fig. 2 Structure of PTB7 /ITIC.
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Table 1. Comparison of characteristic physical quantities with fullerene-free type
and fullerene type acceptor.

Donor Acceptor
PTB7 ITIC PC;:BM[@
D / Atransition (%) 93 83
Charge transfer amount 0.987 0.552
Charge transfer distance (A) 2.933 1.020

[2E 3R]
[1] W. Zhao et al., J. Am. Chem. Soc,. 139, 7148-7151 (2017)
[2] A. Muraoka et al., Phys. Chem. Chem. Phys., 20, 12193-12199 (2018)
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Dissociation potential curve of homonuclear molecule

by spin-symmetrized Hartree-Fock

oMasato Mogil, Fang Han Lim!, Manami Nishida®, Tomonori ldal, Motohiro Mizuno?
! Graduate School of Natural Science and Technology,Kanazawa University, Japan
2 Institute for Frontier Science Initiative,Kanazawa University, Japan

[Abstract] In quantum chemistry calculation, the Hartree-Fock (HF) method gained early
prominence in determination of wave function and energy of molecular stationary states.
However, it is very difficult to calculate the dissociation potential curve of homonuclear
molecules. In order to improve this problem, we employ Spin-Symmetrized Hartree-Fock
(SSHF) method [1]. SSHF uses a double-reference connected by the time-reversal operator and
can be expected to avoid spin-contamination in the calculation. Additionally, since the number
of references does not change with respect to the size of system, it is possible to calculate at
twice computational cost of HF level. We examine this method for dissociation potential curve
of homonuclear molecules and confirm the validity for the quantum chemistry.
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[1] A. V. Luzanov, J. Struct. Chem., 25, 837, (1985).
[2] R. Muller, (2005). PyQuante. http://pyquante.sourceforge.net
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Theoretical Study on the Third-Order Nonlinear Optical Properties of

Cyclooctatetraene-Involved Open-Shell Conjugated Systems
oYusuke Nishigaki, Shota Takamuku, Masaki Yamane, Takayoshi Tonami, Kenji Okada,
Ryohei Kishi, Masayoshi Nakano
Graduate School of Engineering Science, Osaka University, Japan

[ Abstract] Recent theoretical analyses combined with experimental studies have revealed
several relationships among geometric features, aromaticity, open-shell character, and third-
order nonlinear optical (NLO) properties of fused polycyclic hydrocarbons composed mainly
of five- and/or six-membered rings. On the other hand, eight-membered ring
cyclooctatetraene (COT) derivatives have also been studied actively from the viewpoint of their
aromatic characters. On the basis of the aromatic natures and charge transfer characters
between the five- and eight-membered rings, we here design fused polycyclic hydrocarbons
involving a COT skeleton at the center and five-membered rings at the terminal as a novel
candidate for open-shell polycyclic hydrocarbons, and then investigate their electronic
structures and third-order NLO properties in order to clarify the structure-property relationship
for the class of systems.
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Figure 1. Calculated model systems An-Dn (n =1, 2)
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Figure 2. Magnetically induced current (MIC) density plots of Al (a) and A2 (b).

Table 1. Diradical characters y and second hyperpolarizabilities y of A1-D1

Al B1 C1 D1
y 0.03 0.00 0.00 0.26
y[*x10%a.u.] 37.0 12.8 22.6 75.8

Table 2. Diradical characters y and second hyperpolarizabilities y of A2-D2
A2 B2 C2 D2
y 0.51 0.00 0.10 0.69
y[*x10%a.u.] 1300 48.8 152 913

[2EZ3CHR] [1]C. Yuanetal., J. Am. Chem. Soc. 2013, 135, 8842. [2] M. Nakano et al., J. Phys. Chem. A,
2005, 109, 885. [3] S. Motomura et al., Phys. Chem. Chem. Phys. 2011, 13, 20575; K. Fukuda et al., J. Phys.
Chem. A4, 2015, 119, 10620.
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Theoretical Study on Single-Molecular Electron Conductivity of
Paddlewheel-Type Complexes with Metal-Metal Bonds Using the Elastic

Scattering Green’s Function Method
oHayato Tada, Iori Era, Rena Teramoto, Shogo Aoki, Yasutaka Kitagawa,
Masayoshi Nakano
Graduate School of Engineering Science, Osaka University, Japan

[Abstract] Recently, a single-molecular electron conductivity has been studied actively by
theoretical approaches as well as by experimental ones toward a realization of molecular
electronic devices. We focused on paddlewheel-type acetate-bridged binuclear complexes
because these complexes have many derivatives, and have two possible spin states called
ferromagnetic and antiferromagnetic states. In this study, we evaluated electron conductivities
of these complexes using the elastic scattering Green’s function approach with the broken-
symmetry (BS) density functional theory (DFT) method. In order to clarify the relationship
between spin polarization, metal-ligand energy difference and electron conductivity, we
compared the conductivity of the Cr complex with that of the Mo complex. We also focused on
the effect of changing their spin states to evaluate the possibility of a molecular switch by the
external magnetic field.
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Estimation model for photochemical behavior of
1-methyl-3-(N-(1,8-naphthalimidyl)ethyl)imidazolium salt
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[ Abstract] 1-methyl-3-(N-(1,8-naphthalimidyl)ethyl)imidazolium (MNEI) is a compound
has a high affinity for anions by virtue of its positive charge on the imidazolium group. Because
MNETI shows colorific and fluorescent depending on guest anions after irradiation, MNEI has
a potential as an anion discriminating reagent. However, there are two main issues for practical
use. First, it is impossible to cover photochemical phenomena of MNEI against vast of anions
experimentally before practical use. Second, properties of anion that induce these
photochemical phenomena, that is, discriminable properties of anion are still unknown. In this
study, we prepare estimation models through principal component analyses with experimentally
known photochemical characteristics as a label. Physical values are extracted from quantum
chemistry calculation and database. We aim to estimate the photochemical behavior of MNEI
salts with unspecified anions and identify the application range as the discriminating reagent.
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Fig 1. Molecular structure of MNEI
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Theoretical elucidation of aggregation process in aqueous aluminum
solution - its initial process and pH dependence -
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[Abstract]

Aluminum is one of amphoteric elements. In aqueous solution, its solubility changes drastically
depending on pH, by forming the metal complexes involving water molecules and hydroxyl
ions as ligands [1]. So far, constant pH (CpH) methods have been developed as molecular
simulation methods that take pH effect into consideration [2]. However, in the conventional
methods, solute molecules are treated by a classical molecular mechanics (MM) manner, so it
is difficult to deal with pH-dependent physical properties, because it originates from chemical
equilibrium shifts of protonation state of solute molecules. Therefore, we developed a new CpH
method based on quantum mechanics (QM) method. We applied it to the Al complex system in
aqueous solution with the average ratio of the protonation state of solute molecule. It is
concluded that our calculation results were qualitatively consistent with the experimental ones

[5].
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Theoretical calculation of photoelectron spectrum of anion

oYuya Watabe!, Takaaki Miyazaki?, Eiki Ozama', Toshiyuki Takayanagi', Motoyuki Shiga?
! Department of Chemistry, Saitama University, Japan
2 JAEA, Japan

[ Abstract] Bowen and coworkers have recently found two peaks in their photoelectron
spectrum of an (Au-CO») ~ anion[ 1]. They have concluded that these two peaks correspond to
the two structures where excess electron localizes around Au atom or CO> molecule. In this
work, we have performed theoretical study of the photoelectron spectrum to interpret them. We
have used Path-Integral Molecular Dynamics (PIMD) method, which can describe the nuclear
quantum effect and temperature effect. As a result, we found that the structural change occurs
between two isomers of the (Au-CO:) ~ anion depending on temperature. In addition, the result
suggests that the experimental spectrum may contain the information of around the transition

state structure.
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Theoretical calculations of positron annihilation spectra for proline
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[Abstract]

Positrons having positive charge are anti-particles of electrons. When positrons collide with
electrons, gamma rays are emitted through positron-electron annihilation. This unique nature
has been widely employed to Positron Emission Tomography (PET) and Positron Annihilation
Lifetime Spectroscopy (PALS). However, interactions between positron and molecules are not
clearly understood at an atomic level. Theoretically, it is known that positrons are bound to
polar molecules which have a certain dipole moment. Recently, development of experimental
technique has enabled measurement of positron binding energies for various molecules. In this
work, we have calculated the annihilation spectrum for proline using the reduced-
dimensionality quantum wave packet method. To obtain the positronic potential energy surface,
we have used multi-component molecular orbital (MC_MO) theory. Several resonance peaks
seen in the calculated spectrum indicate that a positron is temporarily resonance in proline.
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[Abstract] Ortho-phenylene derivatives (OPs) have tightly packed n-phenylenes with mt-rt
stacking interactions. Although OPs have high activation energy for helical inversion, these
helices undergo rapid helical inversion in acetonitrile solution. The solvent effect on helical
inversion was investigated by using density functional theory calculations with the polarizable
continuum model. We found that the dihedral angles become small, i.e., the twist becomes
strong, with an increasing dielectric constant, and the OPs may take the symmetric helical
inversion pathway in solution.
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Fig. 3. Energy diagram of the 4-OP
step-by-step inversion reaction. (Blue line:
in vacuo, yellow line: in acetonitrile with
the structures in vacuo and red line:
optimized in acetonitrile.) The structures
for the stable and transition-states in vacuo
are included.
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Low-rank approximation of molecular aggregates wavefunction
for efficient calculations of excited states

oSoichiro Nishio, Yuki Kurashige
Department of Chemistry, Graduate School of Science, Kyoto University, Japan

[Abstract] We developed an efficient low-rank approximation for the complete active space
wavefunctions of molecular aggregates. For calculations of such systems it is important to
appropriately treat each of two different electron entanglement structures; strong intra-
molecular entanglement and weak inter-molecular entanglement. In this method, low-lying
states of molecular aggregates are expanded by a small number of rank-one basis states which
are written as direct products of mono-molecular CAS wavefunctions. The inter-molecular
entanglement can be described with effective Hamiltonian in small number of rank-one bases,
which is briefly obtained from mono-molecular RDMs and decomposed operators. The
efficiency of this method easily leads to dynamical correlation calculation like CASPT2 method.
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E ST Wyps|H|Wyps) & 715 L C|Wyps)® rank-one FLJEITH LT ORI HET T8 %
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=5,

Table 1. Efficiency of VPS ansatz for anthracene heptamer (Ej,)
roots non-entangled  VPS(S0,51), dim=8 DMRG, m=128 DMRG, m=256
é SO -3721.909821 -3721.909821 -3721.908880 -3721.910459
S1 -3721.706486 -3721.706572 -3721.704945 -3721.706970
f S2 -3721.706354 -3721.706479 -3721.704374 -3721.706906
d S3 -3721.706367 -3721.706449 -3721.704370 -3721.706797
(o S4 -3721.706359 -3721.706426 -3721.704229 -3721.706714
, S5 -3721.706354 -3721.706324 -3721.704226 -3721.706560
) S6 -3721.706367 -3721.706310 -3721.704086 -3721.706484
Flg. 1. anthracene heptamer S7 -3721.706359 -3721.706085 -3721.704057 -3721.706410
elapsed time 20 min. 10 hours 4 days
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Real-time propagation of electro-protonic wavefunctions of CH;OH by
extended multiconfiguration time-dependent Hartree-Fock method

oRyuto Kimura, Tsuyoshi Kato, Kaoru Yamanouchi
Department of Chemistry, The University of Tokyo, Japan

[Abstract] In order to describe theoretically the ultrafast motion of protons within a
hydrocarbon molecule induced by an intense laser field, we developed a calculation code of
the extended multiconfiguration time-dependent Hartree-Fock (MCTDHF) method, in which
both electrons and protons are treated quantum mechanically using electro-protonic wave
functions, and perform real-time propagation of the electro-protonic wave functions of
CH;0H exposed to an intense laser field using a parallelized code.

[Introduction] Recent experimental studies on ionization and dissociation processes of
hydrocarbon molecules induced by an ultrashort intense laser field revealed that the hydrogen
atoms and/or protons migrate rapidly within the hydrocarbon molecules prior to the breaking
of skeletal chemical bonds. For example, it was revealed that a hydrogen atom in methyl
group in methanol migrates to hydroxy group within 25 fs by the pump-probe coincidence
momentum imaging measurements of the Coulomb explosion processes of methanol dication,
CH30H?", using few-cycle intense near-IR laser pulses [1]. When the ultrafast hydrogen atom
migration proceeds, the interatomic potential along the C-O bond should be influenced by the
motion of the hydrogen atom, competing with the C-O bond breaking.

For describing theoretically the ultrafast motion of hydrogen atoms and/or protons within a
hydrocarbon molecule, we need to treat the motion of hydrogen atoms separately from the
heavier atoms such as carbon and oxygen atoms. In 2009, we proposed a method called
extended multiconfiguration time-dependent Hartree-Fock (MCTDHF) [2], in which not only
the motion of electrons but also the motion of protons are described by time-dependent
orbitals, and showed that the ground-state electro-protonic wave function of methanol,
CH30H, can be derived using the extended MCTDHF method [3].

In order to perform efficiently real-time propagation of orbitals for electrons and protons in
CH30H, we developed a program code of the extended MCTDHF method, and examined its
performance in describing the interaction between the electronic and protonic orbitals and an
intense laser field.

[Theory] In the extended MCTDHF method, the molecular wave function of CH30H, @, is
expanded by electro-protonic multiconfiguration wave functions as



q)({xj}a {yp}7t;R) = ;;CIA(t>q)1({xj}’I;R)lPA({yp}at;R)> (D

where x; = (1, 0;) denotes the spatial and spin coordinates of the j-th electron (1 <;j < 18), y, =
(rp, op) denotes the spatial and spin coordinates of the p-th proton (1 < p < 4), R is the
inter-nuclear distance between C and O, ®; and ¥, are the electronic and protonic Slater
determinants, respectively, and Cp is a time-dependent configuration interaction (CI)
coefficient. The equation of motion of the CI coefficients and spin orbitals are derived based
on the Dirac-Frenkel time-dependent variational principle.

[Results and Discussion] For the real-time propagation of the spin orbitals, we apply the split
operator technique [4]. First, we write the equation of motion of electronic spin orbitals as

lﬁ q)J(x t

+ka1 ] ¢j(x,1), (2)

where /;(¢) is an orbital-independent operator and V(¢) is a non-liner operator that depends on
the spin orbitals. When propagating the orbitals from time ¢ to t + of starting from the initial
orbital ¢(f), we regard h; and V}; to be time-independent and compute the orbital after the
propagation, ¢(t + ot), as

0;(t -+ 81) ~ e~ T+ F =7 EeVis 1+ 50 o= i1+ 5)F .5, (3)

The exponential operation of the orbital-independent operators are performed by the
Crank-Nicolson method and the exponential operation of the non-liner operators are
performed by Lanczos method [5]. Because electrons and protons are treated in a parallel
manner in the electro-protonic Hamiltonian, we propagate the protonic spin orbitals using the
same algorithm adopted for the electronic orbitals.

In order to parallelize the calculation code, we use the library of OpenMP. Using the
calculation times, 7(n), required when the number of threads » takes the values of n = 1, 2,
and 4, we obtain the parallelization ratio, p, of p = 0.92 for the imaginary-time propagation by
a least-squares fit to the Amdahl’s law written as

()= (2+1-p)n, @

where #; is the calculation time when n = 1. When n = 8, for example, the calculation time of
the imaginary-time propagation can be 5.1 times shorter than when n = 1. The calculation
code of real-time propagation is also parallelized in the same manner as in the imaginary-time
propagation, and the real-time propagation of the electro-protonic wave functions of CH;OH
exposed to an intense laser field is performed using the parallelized code.
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