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Designing Organic Structure-Directing Agents for Zeolite using Large Language
Models ('Graduate School of Engineering, The University of Tokyo)
O Shusuke Ito!, Koki Muraoka!, Akira Nakayama!

Zeolites are crystalline microporous aluminosilicates that are widely used in
applications such as membranes and catalysts!. One approach to direct the
crystallization of zeolites is the use of organic structure-directing agent (OSDAs)?,
which are typically quaternary ammonium cations. While novel OSDA can lead to
new zeolites, conventional trial-and-error experiments involve significant time and
cost®. In this study, we employed Large Language Models (LLMs)* to facilitate
human-machine collaboration in designing potent molecules. We fed feedback
derived from screening and atomistic simulation to the LLM to refine subsequent
suggestions, thereby continuously improving the proposed OSDAs and fostering the
exploration of chemical space. The predicted molecules were compared to
experimentally verified OSDAs.

Keywords: Molecular Design; Zeolite; Informatics, Organic Structure-Directing
Agents; Large Language Models
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1. B. M. Weckhuysen and J. Yu, Chem. Soc. Rev., 2015, 44, 7022-7024.

2. R. F. Lobo, S. I. Zones and M. E. Davis, J. Incl. Phenom. Mol. Recognit. Chem., 1995, 21,
47-78.

3. K. Muraoka, W. Chaikittisilp and T. Okubo, Chem. Sci., 2020, 11, 8214-8223.

4. OpenAl, 2023, arXiv:2303.08774v4.
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Theoretical study on solvatochromism in tetracyanoquinodimethane (TCNQ) (! Faculty of
Engineering, Kyoto University, > Graduate School of Engineering and Science,
University of the Ryukyus,” Graduate School of Engineering, Kyoto University, *Fukui
Institute for Fundamental Chemistry, Kyoto University, Graduate School of
Informatics, Nagoya University) O Sumire Tobe,! Mikako Higa,”> Hirofumi Sato,**
Masahiro Higashi?

Tetracyanoquinodimethane (TCNQ) exhibits solvatochromism, in which, the excitation
energy varies depending on the solvent. The absorption wavelength generally changes
monotonically with the solvent polarity. However, it is known that solvatochromism of TCNQ
shows complicated behavior?. The reason for this property is not yet clear. In this study, we
analyzed the solvent dependence of the excitation energy using the polarizable continuum
model (PCM) and the QM/MM method.

The results calculated with PCM showed nonmonotonic solvent dependence. However, the
calculated excitation energies were not in quantitative agreement with the experimental ones.
In the QM/MM calculations with only TCNQ included in the QM region, no significant solvent
dependency was observed. In contrast, inclusion of solvent molecules around TCNQ into the
QM region and addition of diffuse basis functions reproduced the experimental results almost
quantitatively. These results indicate that quantum chemical effects such as electronic
polarization in the surrounding solvent molecules play an important role in TCNQ
solvatochromism.

Keywords : Tetracyanoquinodimethane (TCNQ), OM/MM Method, Solvatochromism
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1) H. Tamaya, H. Nakano, T. limori. J .Lumin., 2017, 192, 203.
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Theoretical analysis of electronic structures and reaction mechanisms for NH3-SCR reaction
using binuclear Cu complexes (!Faculty of Engineering, Kyoto University, *Graduate School
of Engineering, Kyoto University, *Graduate School of Informatics, Nagoya University, *Fukui
Institute for Fundamental Chemistry, Kyoto University) O Ryusei Morimoto,! Kanami
Sugiyama,? Masahiro Higashi®, Hirofumi Sato* *

NHs-assisted selective catalytic reduction (NH3-SCR) is an effective chemical reaction for
NOx removal. Cu-CHA, a zeolite catalyst, is widely used for the NH3-SCR reaction because of
its high reactivity under low temperature. The binuclear Cu complex in Cu-CHA is highly
reactive in the catalytic cycle and its structure is considered to have a Cu,O, structure.”
However, the exact structure is challenging to identify both experimentally and theoretiocally.?
The proposed reaction mechanisms are also diverse because they include decomposition of
Cu,0, and many molecules such as NH3, NO, and H,0.?

In this work, we focused on the binuclear Cu intermediate complexes and investigated the
electronic structures by using quantum chemical calculations and spin state analysis.
Furthermore, the reaction pathways and the stabilities of intermediates were discussed in
combination with the automated reaction path search.

Keywords : NH3-SCR; DFT calculation;, Cu-CHA, Zeolite catalyst, Binuclear Cu complex
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1) C. Paolucci, et al., Science, 2017, 357, 898.
2) L. Chen, et al., Phys. Chem. Chem. Phys., 2019, 21, 10923.
3) C. Paolucci, et al., Acc. Chem. Res., 2020, 53, 1881.

© The Chemical Society of Japan -H937-3pm-03 -



H937-3pm-04 BAL$4 H104EFES (2024)

KEARY T FRIGDRISERR Y b7 —9 3

CRURT !« BURBET 2 « HURBElE S « A KRB * - ZsURMEH & % —9) OILAf #L
TR R B R HER Y - e LS

Analysis of a Reaction Route Network of Water Gas Shift Reaction ('Faculty of Engineering,
Kyoto University, *Graduate School of Engineering, Kyoto University, *Graduate School of
Informatics, Kyoto University, *Graduate School of Informatics, Nagoya University, >Fukui

Institute for Fundamental Chemistry, Kyoto University) O Akane Emura,! Kanami Sugiyama,’
Shin-ichi Minato,* Masahiro Higashi,* Hirofumi Sato*®

It is important to understand not only main reaction but also side reactions to obtain the
desired product with high yield and selectivity. A reaction route network consisting of nodes
(molecular structures) and edges (transition states) includes information of such reaction routes,
but the analysis method has not been established. In this study, the network of the water-gas
shift reaction (CO + H,O — CO, + H») was constructed and analyzed.

First, a reaction route network was created by the Global Reaction Route Mapping (GRRM)
program”. It is useful to express the route length as a sum especially for more complicated
networks. Therefore, the logarithm of the rate constant £ was set as the weight of each edge,
and the sum of edge weights was set as the length of the route. Then the routes from reactant
CO + Hy0 to product CO + H» were enumerated and ranked. Furthermore, enumerated routes
were compared with other kinetic analyses®?), and the influence of side reactions was discussed.
Keywords : Reaction Route Network, Path Enumeration; Water Gas Shift Reaction
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1) S.Maeda, et al., J. Comput. Chem., 2018, 39, 233.
2) Y. Sumiya, et al., J. Phys. Chem. A, 2015, 119, 11641.
3) Y. Nagahata, et al., J. Phys. Chem. B, 2016, 120, 1961.
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Improvement of GLobal Area Search (GLAS) algorithm and Application of GLAS approach to peptide
system(' Graduate School of Science, Osaka University,”Graduate School of Science and Technology,

University of Tsukuba) O Takechika Kikkawa',Syusuke Yamanaka',Takashi Kawakami' Mitsutaka
Okumura', Mitsuo Shoji?

The analysis of intersecting spin states is important in the mechanisms of chemical reactions
of transition metals. In fact, standard reaction pathway search methods were also extended to
the multiple spin cases??. In this study, we extend the Global Area Search (GLAS) method®
to deal with multiple spin states. The GLAS method, which was developed by Shoji et al.,
efficiently searches for potential surfaces within a specified energy range by repulsive
interactions among all the sampling structures on the potential surface.

In the spin extended version of the GLAS (SE-GLAS) method, we apply a bias potential in
order to search other spin states intersected with the initial spin state. We tested our method
using B3LYP calculations on ethylene and formaldehyde molecules. For the ethylene molecule,
the SE-GLAS method followed a nearly minimum energy path starting from the planar singlet
state, passing through the triplet state with the perpendicularly twisted ethylene structure, and
returning to the planar singlet state. For the formaldehyde molecule, the SE-GLAS method
successfully searched six Sy structures and three T, structures (including two dissociated
structures ) via several spin-crossing points. The details will be presented on the day.
Keywords: Automated Exploration of Chemical Reaction Pathway, Quantum Chemical Calculation
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1) J. M. Anglada, J. M. Bofill, J. Comput. Chem. 18, 992-1003

2) S. Maeda, K. Ohno, K. Morokuma , J. Phys. Chem. A. 2009, 113, 1704-1710.
3) M. Shoji, M. Kayanuma, Y. Shigeta Bull. Chem. Soc. Jpn. 2018, 91, 1465-1473.
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Linear response function analysis of molecular systems (!Graduate School of Science, Osaka
University) ORen Oike!, Takechika Kikkawa', Maruyama Tomohiro!, Takasi Kawakami',
Shusuke Yamanaka!, Mitsutaka Okumura'

The linear response function of a molecular system is defined as the density fluctuation of
the Jth atom due to a virtual perturbation to the Ith atom in the molecule and can be treated as
a descriptor of the reaction. In this study, we investigated the relationship between LRF and
result suggests that it is possible to define the "chemical distance in polypeptide systems" as a
new index for the calculation and design of protein systems.

Keywords : polypeptide, linear response function
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[1] E. Prodan and W. Kohn, Proc. Natl. Acad. Sci. USA 102, 11635 (2005).

[2] S. Yamanaka et al., AIP Conf. Proc. 1504, 916 (2012); K. Ueda, et al. Int. J. Quantum Chem. 113,
336 (2013).;Y. Mitsuta, et al., Molecules 19, 13358 (2014); Y. Mitsuta et al., J. Phys. Soc. Conf. Proc. 5,
01105 (2015); Y. Mitsuta, et al. Mol. Phys. 114, 380 (2015); i Hfth, 7 > ¥ > 7L 18, (2016); C.
Kitagawa, et al. Molecules 24, 821(2019).
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Development of ab initio divide-and-conquer method under periodic boundary condition
(!Sch. Sci., Hokkaido Univ., *Grad. School Chem. Sci. Eng., Hokkaido Univ., SWPI-ICReDD,
Hokkaido Univ., *Fac. Sci., Hokkaido Univ.) OGen Ogawa,' Masatsugu Nishida,> Akama
Tomoko,® Masato Kobayashi,>* Tetsuya Taketsugu®*

Accurate quantum chemical calculations for large periodic models are important for the
computational elucidation of the elaborate functional manifestations of amorphous materials
with complex doping. We have developed the ab initio divide-and-conquer (DC) method,
which is a fast and accurate method for calculating large-scale systems by dividing the system
into subsystems. The DC-MP2 method has also been developed, but it has not been applied to
periodic systems. In this study, we developed a program that extends the ab initio DC method
to periodic systems. This program takes advantage of the features of the DC method to solve
periodic systems in real space Gauss basis. This procedure is like the method of periodic
boundary conditions in the fragment molecular orbital (FMO) method. We apply this program
to amorphous materials and attempt to elucidate their functional manifestations from their
electronic states.

Keywords : Divide-and-conquer method, Periodic boundary condition; Amorphous, Electronic
structure calculation

BAWI =B TR E0LT TN T 7 AMELOBUE IS RER Bl 2 5HEL S0 R
DOEIAT AT KRB RZ 2=y bR LT 5T T KT 2 Sk A BT
{LFFHRNEETH D, 16RO KRBBE RT3 2 m L FF R F IR R 7
TR B < 720 B DIRFEDN 22\, & 1T A ERS RIS HEI L CEE 21T
WV, KBRS O £ @R T 5 ab initio 3 ERIR(DC)E WO E1T-
T& 7z, £72DC-MP2 iEHBIFE LT, BHRICITEHT TE T\, RIFET
I% ab initio DC{EZ AR ~YEE L= 0 77 A& LTz, K707 Z NI DCIE
DORF#ATED L, Bloch B A FIWTICEZER] O Gauss &K CRIMIARZMH, ZOF
XX, 7 7 7 A2 Ny FiuE(FMO)EIZ BT 2 BB RS OBl IR 5,
KT 7T LT ENT 7 AMBHTHEH L, BIREED GHERERBLOMI 25374 5,

sy Image BV B =g+ ) Df,C[er_1/2r#m]+/l;m<yg_ﬂv) y ,

A0€E(a) p
2,0 € E(@) = S(a) UB(a) UD(a) /[

Contertfit  5(c) /
Buffer#fildl : B(a) T

2BFWMAETHET S
i D(a)

oo )
Figure 2 : 435 Fock 3 & %

Figure 1 : Real £/ & Image £/

1) W. Yang and T.-S. Lee, J. Chem. Phys. 103, 5674 (1995).
2) H. Nakai, M. Kobayashi, T. Yoshikawa, J. Seino, Y. Ikabata, and Y. Nishimura, J. Phys. Chem. 127, 589-618 (2023).
3) T. Fujita, T. Nakano, and S. Tanaka, Chem. Phys. Lett., 506, 112 (2011).
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Raman intensities of conformation-dependent low-frequency modes of chalcogenoanisole:
analysis by singular value decomposition ('School of Informatics and Engineering, University
of Electro-Communications, *Graduate School of Informatics and Engineering, University of
Electro-Communication) O Akira Mizushina,' Keigo Yamaguchi,” Yoshihiro Yamakita?

We studied the intramolecular rotation-dependent low-frequency Raman intensities of
chalcogenoanisole CsHsXCH3 (X =0, S, Se), focusing on the interaction between the benzene ring
and the substituent XCHs. Polarizabilities were obtained from dipoles induced by electric fields,
and the characters of excitation from occupied to virtual orbitals were represented as natural
perturbation orbitals (NPO) using the singular value decomposition (SVD). In the vertical
conformation, the values of the off-diagonal terms of the polarizability derivatives for Op and Ot
were found to be large and contribute to the enhancement of the Raman intensities, and the 6-nt
interactions between the benzene ring and the substituent were visualized using the NPOs that
contributed the most to dc./00s and 0a/0Qt1. The 0z /00B and Oc,/OQt for the planar
conformation were small, resulting in an NPO with a distribution of ¢ orbitals for anisole and «t
orbitals for thioanisole and selenoanisole. In summary, the MOs contributing to the polarizability
derivative were visualized as NPOs, elucidating the enhancement of Raman intensity as an
electronic interaction between the benzene ring and the substituent.

Keywords : Chalcogenoanisole, Raman scattering, Singular value decomposition, Polarizability
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1) Y. Yamakita, Y. Isogai, K. Ohno, J. Chem. Phys., 2006, 124, 104301.

2) M. Miyamoto, M. Hada, J. Comput. Chem., 2020, 41, 1628.
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Theoretical study on the muonium adduct structure of
N-heterocyclic carbene by path integral molecular dynamics

(*Graduate School of Nanobioscience, Yokohama City University)

OSatoshi Orikono,! Kazuaki Kuwahata,! Tomomi Shimazaki,! Masanori Tachikawa'
Keywords: Muon; Quantum Effects; Path Integral Molecular Dynamics; Hyperfine Coupling
Constants; Carbenes

The hyperfine coupling constants (HFCC) have been experimentally measured by
adsorbing muonium to N-heterocyclic carbenes.! However, previous theoretical studies have
not fully incorporated the quantum effects of muonium, which makes it difficult to interpret
the corresponding experimental HFCC values. In the present study, we have elucidated the
details of the muonium adduct structure of N-heterocyclic carbene by using path integral
molecular dynamics (PIMD), which can incorporate the quantum effects of muonium.

To investigate the quantum effects, PIMD simulations were performed for three different
models of N-heterocyclic carbenes: the muonium addition model (QM(p)), the hydrogen
addition model (QM(H)), and the classical model (CL). Three simulations were conducted
under isothermal conditions at 300 K, and the total steps are 100,000, 100,000, and 500,000
steps for QM(p), QM(H), and CL, respectively. The number of pseudo particles representing
quantum effects are 64, 16, and 1 for QM(w), QM(H), and CL, respectively. The potentials were
obtained at the HISSbPBE/6-31G(d,p) level of calculation using Gaussian16.

Fig. 1. shows the HFCC distributions

and their expectation values for each 0012 I I QM(u) ,: 202 6
simulation, where EQ is the value at the 0.010 + E QM(H) : 189.6 |
equilibrium structure. The width of the ‘T: i CEHC-Q ;ggg
distribution is narrower for CL and wider % 0.008 | i ' T
for QM(u). The expectation values are = | . N

similar for all models. The distribution of :% 0.006 ?/g
QM(p) is large above 500 MHz because g 0.004 | J/J .ﬁ&ﬂ_
the C-Mu bond length elongates due to 2 h
quantum effects and the HFCC increases. 0.002 | 9 1
On the other hand, the distribution of I

QM(p) is found to be large below 0 MHz 0-00?500 0 500 1000 1500
because the HFCC decreases as Mu tends HFCC (MHz)

to be on the molecular plane due to Fig. 1. Distribution of HFCC of N-heterocyclic

quantum effects. carbene. Expectation values are also included.

1) lain McKenzie et al., J. Am. Chem. Soc. 2003, 125, 11565-11570
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Theoretical study on hydrogen-bonded structures of EGFP using first-principles calculations
(‘Graduate School of Nanobioscience, Yokohama City University)

OMio Takakuwa,' Tomomi Shimazaki,' Masanori Tachikawa,! Yukiumi Kita?

Enhanced Green Fluorescent Protein (EGFP) is a protein that exhibits stronger fluorescence
than GFP, which was discovered in a jellyfish, Aequorea victoria. Recent neutron
crystallography studies on EGFP revealed that the heavy water directly hydrogen-bonded to
the chromophore (CRO), DOD323, is longer than other heavy water. This notable elongation
is attributed to electrostatic potential effects inside the EGFP protein, though the detailed
physicochemical origins remain not fully understood. In conventional EGFP, the structure of
the CRO is greatly affected by the peripheral residues such as Arg96 and Thr203. However, it
is unclear whether the peripheral residues play a similar role in EGFPs in which the mother
liquor is heavy water. In this study, we aimed to elucidate the effect of peripheral residues on
the hydrogen-bonded structures near the CRO in heavy water. Applying multi-component
density functional theory, which can distinguish H/D quantum fluctuations, to computational
models with/without Arg96 and Thr203, we found that Arg96 and Thr203 affect the bond
asymmetrization of DOD323, as well as the protonation state of the CRO.

Keywords: Green fluorescent protein; Hydrogen bonded structures, Nuclear quantum effects

B R # o 737 '8 (Enhanced Green Fluorescent Protein: EGFP) X, A
Do FMNHRA ST GFP X0 BWa a2 RT 4 X7 EThD Y, TF. R
% B/KIZ L 7= EGFP o Hf -t A AT 326k LV | & (chromophore) & [EHH2/KFE S
LTV 5EAKDOD323) DFEAEN—ROEAIVEVNERE SN2, ZUTg o)
JENEORHERT > 2 v VOREGIRREINTNDA, ZOFEMIIRMENTH S,
HER D EGFP DR O EIL, BRI TH 5 Argd6 & Thr203 7 H KX 7p s
FoHZENMBATND, LavL, RHEZ E/KIZ L7z EGFP (238 TR AR AN [FlRR
DEEN R T-T ONIAHATH D, £ 2 TR
FECIE, FEKERE FICB W AR N A
VTEE DK FRE G 5 2 2 52O BRI fiF
ZHME LT,

Arg96 & Thr203 ZHVIAATEET /L LBV A
AT ET VEMER L, FEEREGEE %
FAT LTz, KRB OEEZ TIN5 720
2, H/D OB+ D X % KB FBE7R 2 500 5 L
BB % 545 L7 Gaussianl6 % e, . fl
FOHRER Arg96 & Thr203 (X DOD323 DOFEHE D %‘v Pf
HRBHMEICIES 5 2 & KT FEAMH O & Fig. 1. The l;)cation ofchrorho Hore
MBIV BE G252 enorinotz?, m%ﬂ&mwmmnmmmawﬁ
1) RogerY. Tsien, Annu. Rev. Biochem. 1998, 67, 509.

2) Chie Shibazaki et al. J. Phys. 2020, 11, 492.
3) T.Udagawa et al. J. Chem. Phys. 2006, 125, 244105.
4) M. Takakuwa, et al. Bull. Chem. Soc. Jpn. 2023, 96, 711.
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Surface hopping ab initio molecular dynamics simulation on nonadiabatic dissociation process
of OCS*" induced by photoionization (‘Grad. Sch. Chem. Sci. Eng., Hokkaido Univ., *Fac. Sci.,
Hokkaido Univ., *Fac. Arts Sci., Kyushu Univ,, 4Dep. Mol. Mat. Sci., Kyushu Uniyv., SWPI-
ICReDD, Hokkaido Univ.) ORyuto Kambara,' Takuro Tsutsumi,” Kenji Furuya,** Tetsuya
Taketsugu®’

The photoion—photoion coincidence (PIPICO) spectroscopy enables us to explore ionized-
dissociation products and their energy threshold levels systematically. For OCS molecule, the
thresholds for S* or O" dissociation after doubly photoionization were reported”. In
computational chemistry, the global reaction route mapping (GRRM) strategy” exhaustively
exposes reaction paths including dissociative channels. To analyze the PIPICO results for
OCS*, we have investigated the reaction path networks for the triplet ground state of OCS?";
however, it reveals discrepancies between observed dissociation thresholds and calculated
ones”. This discrepancy suggested the involvement of electronically excited states in
dissociation reactions. In this study, we utilized surface hopping ab initio molecular dynamics
(AIMD) simulations on the excited OCS*" to elucidate the S* and O" dissociation mechanisms.
Keywords: Nonadiabatic Transition, AIMD, Excited States, Unimolecular Dissociation,
Multiply-Charged lons

A Ay — A A rafrrrF R
(PIPICO) FEBRITHUEH LIS L 0 22 HE
A T AT D T & CHREBEAE R ORI BLEI
ZA[RBIZT 5, ZAUE TIZ PIPICO HEBRIZ XD
OCS* M B S" B I OF OFFEERIMEN HE
ENTWD Y, —J, FEALF D CIISOGRE
I F ERERE 2N X o THRBIERR I 2 S T e fiainy — ‘
FOCRR M AE 1S5 Z LN ATREL 7o T, Fhox 0 >0 Timg‘j"fs 150 200
1. OCS 1Z%f3 % PIPICO FEBRDFER % FHAM
\ZHRT 272012 OCSY @ 3 BEIEILEIRREIC
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1) P. Mille, I. Nenner, P. Archirel, J. Chem. Phys., 84, 1259 (1986).

2) S. Maeda, K. Ohno, K. Morokuma, Phys. Chem. Chem. Phys., 15,3683 (2013).
3) K. Furuya, The 40th annual meeting of The Atomic Collision Society of Japan, Tokyo (2015).
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Figure 1. Variations of potential energies
along a typical trajectory.
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Heating Mechanism in Near-Infrared Laser-Induced Growth Reactions from Polyhydroxy
Fullerenes to Carbon Nanotubes (! Faculty of Science, Tohoku Univ., > Graduate School of Science,
Tohoku Univ.) OMahiro Honkai,! Manabu Kanno,? Fuminori Misaizu,? Hirohiko Kono?

The effect of chemical modification on the structural stability of Ceo is an intriguing topic in
the field of nanocarbon chemistry. Experiments have been reported by Krishna et al. on the
irradiation of various fullerene derivatives with low-intensity (10> Wem2) near-infrared (785 nm)
lasers for several 10 seconds at room temperature.” Generation of carbon nanotubes and carbon
onions has been observed only for the samples of polyhydroxy fullerenes (PHFs), indicating that
the temperature of the system exceeds 2600 K. Krishna et al. explained this photoreaction in the
electronic ground state. However, electronic excitation may still be possible due to long-time
irradiation even with low-intensity lasers. We selected Cso(OH).4 as a PHF molecule to examine
the laser-induced heating mechanism using real-time TDDFTB dynamics calculations.?

Since a simulation on the order of 10 seconds is difficult, we assumed that Ceo(OH)24 at its
equilibrium structure is exposed to a linearly polarized 20-ps laser pulse with an intensity of 4.8
x 102 Wem 2 and a wavelength of 785 nm. In the real-time TDDFTB, the time-dependent Kohn-
Sham equation is solved to simulate electron dynamics at time ¢, and then the molecular structure
at r + At is obtained by running a classical nuclear trajectory on the average potential formed by
the electrons. Figure 1 shows a dramatic increase in the average potential (i.e., electronic energy)
of Cso(OH)24, which indicates a significant contribution of the electronic excitation. The nuclear
kinetic energy continues increasing even after the end of the laser pulse (> 20 ps), and thus the
molecule is expected to be heated through electronic relaxation. On the assumption of complete
relaxation to the electronic ground state, the temperature of the system is estimated to reach about
3200 K. In contrast, the energy of pristine Ceo hardly increases upon irradiation with the same
laser pulse. This means that hydroxy groups are responsible for the heating of PHFs.

Keywords : Fullerene Derivatives, Carbon Nanotubes, Near-Infrared Laser, Real-Time TDDFTB
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Fig. 1. Temporal change in
1) V. Krishna et al., Nat. Nanotechnol. 5, 330 (2010). the potential (red) and kinetic
2) F.P. Bonafé et al., J. Chem. Theory Comput. 16, 4454 (2020). (blue) energies of Ceo(OH ).
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