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bR Faf= (FLIE), 1P32 (2010). [5] C. C. J. Roothaan, Revs. Modern Phys., 32, 179 (1960).
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Table 1. Calculated orbital energies of CO by OS hybrid (in eV).

Orbital a single Fock (SF) merged Fock (MF) Exptl. (IP)
ao1s acis a Homo 0S

Ols 0.4673 _540.23 ( -2.34) 543.21 ( 0.64) 525.66 (-16.91) 539.83 ( -2.74) 542.57

Cls 0.5363 293.69 ( -2.55) 295.82 ( -0.42) 283.33 (-12.91) 295.22 ( -1.02) 296.24

HOMO  0.1300 15.00 ( 0.99) 15.12 ( 1.11) 14.43 (_0.42) 14.45 ( 0.44) 14.01

OS hybrid JH.ES ¥k D FEBERIAR: Fig.1 12 He," DRl dh#R 2 7~ 37, §+ %1% HF, BLYP, B3LYP (CVR-B3LY
P), LC-BLYP, OS hybrid ® 4 F-5T{T > 72, F7= OS hybrid Of%%k a 1345 #:3& D HOMO 2% L Tk
Wk U7z, JREERE%IE ce-pVTZ & v 7z, BLYP 470 .
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}?/Eiiﬁiéq%%?é KL/_JS-LE;Z:YCIS %;;’Eﬁfi\;ﬁg Fig. 1. DissociatioL c]urves of He,"
R AR D < RED . RIS A AL T .
15.7 keal/mol & KFFAM4 5, £/ HF IZEFMHBENBE S 200 | mmem e e
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% 14.0 keal/mol i/ NeF i 5 Table 2. Bond energies of He," E 2807
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(ZIEMEICfRBE RS L OWE _Exptl. 56.9 ' — L
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;i;gio 773::531"( 5 b)) He" is estimated b)YHF. 6%}70 0"’(}% <Q@<J‘ R

D

[6] H. Nakashima, H. Nakatsuji, J. Chem. Phys., 127, 224104 (2007). [7] W. Fig. 2. Energy diagram of He", He, and He,"

Cencek, J. Rychlewski, Chem. Phys. Lett. 320, 549 (2000)
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Ji+-X 9.994 10.001 10.000 10.001 10.0
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<
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T o
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Jahn-Teller 7 /L EFEFIZ I —H LIZERNELNT-,

[1] C. Hu, H. Hirai, and O. Sugino, J. Chem. Phys. 127, 064103 (2007).

[2] C. Hu, H. Hirai, and O. Sugino, J. Chem. Phys. 128, 154111 (2008).

[3] C. Hu, O. Sugino, and Y. Tateyama, J. Chem. Phys. 131, 114101 (2009).
[4] C. Hu, O. Sugino, and Y. Miyamoto, Phys. Rev. A 74, 032508 (2006).

[5] C. Hu and O. Sugino, J. Chem. Phys. 126, 074112 (2007).

[6] M. Desouter-Lecomte et al., J. Phys. Chem. 89, 214 (1985).
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Classical dynamics of laser-driven Hj
(The University of Tokyo) OL6tstedt Erik, Kato Tsuyoshi, and Yamanouchi Kaoru

[Introduction] To theoretically model the outcome of an experiment in which a
molecule is subjected to a short and intense laser pulse [1,2], one is faced with several
difficulties. In principle, the time-dependent Schrodinger equation (TDSE) should be
solved. Since both electronic and nuclear dynamics proceed in parallel, and are strongly
coupled, the theoretical simulation has to include both electronic and nuclear degrees of
freedom. Typically, ionization of one or several electrons is followed by fragmentation
into one of several possible pathways. The calculation must go beyond the approximation
of frozen nuclei, so that we can calculate experimentally measured quantities such as the
kinetic energy release. However, despite the tremendous progress both in computer power
and numerical algorithms, the TDSE with an external, intense laser field including nuclear
and electronic motion has so far only been solved for one-electron systems. If the nuclei
are kept fixed, two electrons may be treated. To be able to simulate larger molecules,
approximate schemes [3] or different models have to be employed.

In this contribution, we show how to model laser-molecule interaction with a semi-
classical model. The idea is to treat both nuclei and electrons as classical point particles,
and the dynamical evolution of the system by the classical equations of motion. In this
way, numerical integration is easily performed, and experimentally observable quantities
are straightforwardly calculated by averaging over many trajectories originating from the
initial distribution of positions and momenta. Motivated by a recent experiment [2], we
take the Hf molecule as a test case to assess the ability of the model to describe strong-
field-molecule interaction.

[Theoretical model] A classical molecule, with Coulombic inter-particle interaction,
is not stable. Such a molecule will autodissociate, autoionize, or even collapse. In order to
stabilize the field-free molecular structure, we extend the model in [4] to the H3 molecule.
The crucial ingredient is to add, in addition to the usual Coulomb terms, a repulsive,
momentum-dependent potential ¢(p,r) to the Hamiltonian H. The role of this potential
is to implement the Heisenberg principle |p||r| > 1 (in atomic units) in an approximate
way, by keeping the electrons from visiting parts of the phase space that would not be
accessible in quantum mechanics. The Hamiltonian defining the Hj system with three
protons (momenta P;, positions R;, 1 > j >3, and mass M) and two electrons (momenta
P, positions ry, 1> k: > 2) then reads

3 P2 2 p2 1
H=Y L +Y =k,
2o 22 o %IR AR P Ry

+ @(Pl,z,a, R1,2,3>P1,277‘1,2)- (1)

. 23: 22: 1 ¢((Ijk:, Sik)

In Eq. (1), we used the notation s;;, = R; — 7, and the relative momentum gq;, = (P; -
Mpy)/(M +1). The form actually used for the auxiliary potential ¢ reads ¢(p,r) =
exp{4[1 - (|p||r|)*}/16. The last term ® in Eq. (1) contains certain 3-, 4-, and 5-body
potentials included to fine-tune the model, so that the minimum energy configurations of
H3, Hy, and H3 match the accurate, quantum mechanical ones as closely as possible.



time=-0.24 fs time=0.84 fs time=1.9 fs time=3.0 fs time=4.1 fs time=5.2 fs

Figure 1: Snapshots of double ionization of the H molecule by a 3-cycle laser pulse (pulse
length 4 fs). Protons are shown as red, and electrons as blue spheres. The laser field vector
is depicted with a black arrow, and is turned on at time = 0. After the ejection of both
electrons by the strong laser pulse, the remaining protons will separate from each other
by Coulomb explosion.

[Results and discussion] The classical equations of motion derived from the Hamil-
tonian (1), including the force induced by the laser pulse, were integrated numerically for
a large number of slightly different initial values of the particle positions and momenta.
The laser carrier wavelength of the linearly polarized 3-cycle pulse was chosen to be 790
nm. In the simulation, both ionization as well as dissociation pathways are seen, and all
the final reaction products observed in the experiment are actually produced. In order to
determine the intensity dependence of ionization and dissociation probabilities, a range
of laser intensities were investigated. A typical trajectory resulting from the interaction
with a highly intense laser pulse of intensity 4 x 10> W /cm? is shown in Fig. 1. Here,
both electrons are sequentially removed from the molecule at the laser field maxima,
leaving only the three bare nuclei, which will subsequently fly apart due to the repulsive
Coulomb force. We have also calculated the spectra of the kinetic energy release and
different angular distributions, which show qualitative agreement with the experimental
data [2].

We aim to extend the model to larger, hydrocarbon molecules. This model may thus
provide a way, alternative to wave function-based methods, of getting an insight into
laser-molecule interaction for larger systems than diatomic molecules.
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3E11
Application of Quantum Chemical Calculations on biobutanols

as an Alternative Energy Resource
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Recent concern about environmental impact of fossil fuel, depletion of its reserves, and
increase demand and cost have driven serious search for alternative fuel. Biofuel has been
suggested as a good surrogate and can be used by its own or as a blend with fossil fuel. The
second generation biofules are those produced from biomass comprised of the non-food crops
as well as residues of non-food parts of current crops. Bioalcohols represent an important
class of biofuel. However, biomethanol is toxic and corrosive, while bioethanol is
hygroscopic and has low energy content but still in use. On the other hand, higher alcohols
offer some advantages as gasoline substitutes because of their low toxicity, higher energy
density, and lower hygroscopicity. Consequently, butanols have been recently suggested as
alternatives. Accurate thermodynamic and kinetic parameters are needed for detailed

mechanism of combustion of biobutanols.

In this study, quantum chemical calculations of thermochemistry and kinetics of
unimolecular dissociation of 2-butanol have been conducted using ab initio (CBS-QB3) and
density functional theory (DFT). Hybrid and hybrid meta functionals have been used in this
work. Several pathways have been examined including simple and complex decompositions.
The results indicate that the dehydration reactions to form 1- and 2-butene through four-center
transition states are the most favorable channels. Among all the investigated dissociations, the
formation of butenes, methyl ethyl ketone, and methyl ethyl carbene are kinetically and
thermodynamically the most favorable decomposition reactions. The production of stained

methyl cyclopropane is less preferable kinetically compared to CC and C,-H bond breaking.



Reactions leading to ethanol and vinyl alcohol demand more energy than needed for simple
bond fissions and only occur at elevated temperatures. The accuracy of long-range corrected
DFT and functionals developed for kinetic studies compete with expensive ab initio
CBS-QB3 method. The enthalpies of formation and bond dissociation energies of 2-buatnol
and its radicals have been calculated with high accuracy. Analysis of the intrinsic reaction

coordinate (IRC) allows us to follow structural changes with the progress of reactions.

2-butanol TS for formation of 1-butene

Figure 1. Optimized structures of 2-butanol and TS for formation of 1-butene at CBS-QB3.

Table 1. Calculated barrier heights (kcal/mol) for unimolecular decomposition of 2-butanol at
CBS-QB3.
1-butene Trans-2-butene  Me-cyclopr. carbene ketone cis-2-butene vinyloh ethanol
65.97 67.16 94.89 77.98 8140 67.90 109.55 111.91

Table 2. Calculated barrier heights (kcal/mol) for formation of 1-butene from 2-butanol at
DFT/6-311++G(2d,2p).

B3LYP BMK BB1K LC-wPBE MPW1B95 MPWB1K MPW1K BH&HLYP

59.25 66.11 65.93 67.03 62.49 66.47 67.47 68.30
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