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The present project is divided into two parts:

In Part 1, we continue our studies of high-power laser science. In particular, we
investigate the fluorescence emitted from filament in air and super-excited states of
oxygen and its neutral dissociation using femtosecond laser. We also theoretically
studied the nonadiabatic couplings between optically induced 7-electron rotations and
molecular vibrationsin a chiral molecule irradiated by alinearly polarized laser pulse.
Furthermore, we have designed a method for controlling electronic localization in a
molecular ion on an attosecond time scale using a high-intensity laser.

In Part 11, we have focused our attention on the first-principle calculations of
internal conversions, absorption spectra and fluorescence spectra between Sy—S; of
prototype molecules. Two molecules, formaldehyde and benzene have been studied.
We have also studied the effect of high pressure in a range of up to 1.7 GPa on
ultrafast energy relaxation of LDS 698 in solution (that is, the pressure tuning).
Furthermore, recently we have initiated the project of the anharmonic effect in
chemistry. So far we have accomplished the anharmonic effect of the absoription and
fluorescence spectra of pyridine molecule and the anharmonic effect on the
dissociation of molecular clusters.
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I .1 Introduction

Recently we have initiated two quantum control projects. The first one is related
to the control of the direction of the ring currents in benzene-like chiral molecule,
which resulted in a PRL paper. The second one is for controlling electronic
localization in a molecular ion on an attosecond time scale using high-intensity laser.

I.2 Results

We theoretically investigated the nonadiabatic couplings between optically
induced 7 -electron rotations and molecular vibrations in a chiral aromatic molecule
irradiated by a nonhelical, linearly polarized laser pulse. The results of wave packet
dynamics ssimulation show that the vibrational amplitudes strongly depend on the
initial rotation direction, clockwise or counterclockwise, which is controlled by the
polarization direction of the incident pulse. This suggests that attosecond 7 -electron
rotations can be observed by spectroscopic detection of femtosecond of femtosecond
molecular vibrations [1].

We study the fluorescence emitted from filaments in air using a pump-probe
scheme with a femtosecond Ti-sapphire laser. The fluorescence intensities from the

first negative band (B2Y., — X2, ) and the second positive band ( C*I1,—

B>I1, ) show enhancement and change periodically as a function of the pump-probe
g

time delay. We attribute this phenomenon to the universal yet probably forgotten
phenomenon of population trapping of nitrogen molecules in highly excited states
together with field-induced alignment of nitrogen molecules followed by revival of
the rotational wavepackets. Theoretical calculation of the alignment dynamics of
nitrogen molecules is consistent with the experimental data [2].

A main purpose of this work is to show how to employ the inverse
Born—Oppenheimer approximation as a basis set to study zero kinetic energy (ZEKE)
spectroscopy and the autoionization dynamics of the ZEKE states. The cal cul ations of
channel couplings, quantum defects, intensity borrowing, vibrationa and rotational
autotionizations are demonstrated by using a homonuclear diatomic molecule as an

example [3].

Superexcited states (SESs) of oxygen molecules and their neutral dissociation
processes have been studied both experimentally and theoretically using intense
femtosecond laser. We find that at the laser intensity of approximately 2 x 10™W/cm?,
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ultrashort laser pulse causes neutral dissociation of oxygen molecule by way of SESs.
The dissociation products are the excited neutral oxygen atoms, which are observed
through fluorescence spectroscopy. Laser power dependence of the fluorescence
intensity shows that each molecule effectively absorbs an average of ten laser photons.
The total energy absorbed is sufficient to stimulate the molecule to many of the SESs.
The effect is equivalent to single photon excitation in the extreme-ultraviolet (XUV)
region by synchrotron radiation (SR). Morse potential energy curves (PECs) are
constructed for the SESs of O, molecules. In light of the PECs, predissociation
mechanism is proposed for the neutral dissociation. Quasi-classical trgjectory (QCT)
calculations show that the predissociation time is as short as 100 fs, which is
consistent with our experimental measurement using ultrafast pump-probe
technique[4].

This work demonstrates a quantitative interpretation of ion desorption in
matrix-assisted laser desorption/ionization (MALDI). The theoretical modeling
incorporates transition state theory for the desorption of surface ions, assuming
chemical and thermal equilibrium in the solid state prior to desorption. It is distinct
from conventional models that assume chemical equilibrium in the gas phase. This
solid-state thermodynamic interpretation was used to examine the desorption of pure
2,4,6-trihydroxyacetophenone (THAP) and of angiotensin | mixed with THAP. It
successfully described the changes in ion yield with the effective temperature under
various laser fluence and initial temperature conditions. The analysis also revealed the
key role played by ion concentration in the modeling to provide the best fit of the
model to observations. On the other hand, divergence of the ion beam with laser
fluence was examined using an imaging detection method, and the signal saturation
normally seen at high fluence was appropriately reduced by ion focusing. Simplified
but deceptive theoretical interpretations were obtained when the analysis was
conducted without adequate calibration of the instrument bias [5].

In this work we report a method for controlling electronic localization in a
molecular ion, on an attosecond time scale, using a high-intensity laser, based on two
different excitation mechanisms. One takes place during ionization, and the other
takes place sequentidly, following ionization. The electronic excited states of the
hydrogen molecular ion are created during ionization by taking the configuration
interaction mixing of neutral molecules into account. We detect the ultrafast
oscillatory electronic motion between two atoms in a hydrogen molecular ion
occurring due to the creation of excited states during the course of ionization [6].

I . 3 Discussion
From our experience on quantum control of molecular processes in this project, we



found that the commonly used theoretical approach is the solution of the time-dependent
electronic and nuclear Schrédinger egections and that the density matrix method can
become a powerful method for studying this type of problems. Since we are very familiar
with this approach, we have begun to investigate the quantum control of molecular
processes by using the density matrix method.
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II.1 Introduction

A main purpose of this project is to perform the first-principle calculations of
internal conversion, abscrption spectra and fluorescence spectra of proto-type
molecules for Sy—S; and compare the results with experimental ones. The agreement
is satisfactory. Another purpose is to examine the anharmonic effect on the
photophysical properties of intermediate size molecules and unimolocular dissociation
of molecular clusters.

IT. 2 Results

We have carried out a close examination on the mathematical treatment and the
first-principle computations concerning the vibronic transitions between the So'Ajand
the S;*A, states of formaldehyde. The simulation of absorption spectrum was reported
with peak intensities calculated according to vibronic-coupled transition dipole
moments and Franck-Condon factors. The radiative and non-radiative transition rate
constants from the excited to the ground states were calculated with formulas based
on Fermi’s golden rule. It is concluded that our simulated absorption spectrum
between 300 and 360 nm, as well as the estimated relaxation rate constants, showed
good agreements with experimental reports[7].

The spectra of symmetry-forbidden transitions and internal conversion were
investigated in the present work. Temperature dependence was taken into account for
the spectra simulation. The vibronic coupling, essential in the two processes, was
calculated based on the Herzberg-Teller theory within the Born-Oppenheimer
approximation. The approach was employed for the symmetry-forbidden
absorption/fluorescence, and internal conversion between 1'A;q and 1'B,, states in
benzene. Vibrationa frequencies, norma coordinates, electronic transition dipole
moments, and non-adiabatic coupling matrix elements were obtained by ab initio
guantum chemical methods. The main peaks, along with the weak peaks, were in
good agreement with the observed ones. The rate constant of the 1'A 4. 1'By, internal
conversion was estimated within the order of 10°s™. This could be regarded as the
lower limit (about 4.8 x 10°s™) of the internal conversion. It is stressed that the
distortion effect was taken into account both in the symmetry-forbidden
absorption/fluorescence, and the rate constants of internal conversion in the present
work. The distortion effects complicate the spectra and increase the rate constants of
internal conversion[8].

Effects of high pressure in a range of up to 1.7 GPa on ultrafast energy



relaxation of LDS698 (Ci9H23N204,C1) molecules in solution have experimentally
been illustrated by a method of femtosecond time-resolved absorption spectroscopy.
The rates of the intramolecular and intermolecular energy relaxations show quite
different pressure dependences. The observed results are in good agreement with the
theoretical interpretation based on the pressure influences on the molecular energy
gaps, the intermol ecular H-bond interaction, and the solution viscosity[9].

Investigations on the dissociation kinetics of hydrated protonium ions, (H20),
H* and their deuterated species (D,O), D”, are reported based on the harmonic and
anharmonic oscillator model using the transition state theory and ab initio calculations.
We find that the dissociation of (H,O), H* and (D,0), D* exhibits a distinct
threshold behavior due to the existence of activation energies. Moreover, the deviation
between the harmonic and anharmonic dissociation rate constants becomes larger in
the high energy or temperature range, with the rate constants becoming unreasonably
large under the harmonic oscillator model. The isotope effect is found to become more
distinct but only in the case of the anharmonic oscillator model. These results show
that the anharmonic Rice-Ramsperger-Kassel-Marcus (RRKM) theory can provide a
reasonably good description for the dissociation of (H,O), H* and (D,O), D".
Furthermore, a theoretical model to demonstrate the principle of vibrational
predissociation spectroscopy (VPS) is established from the viewpoint of RRKM
theory and applied in determining the experimental conditions and understanding the
role of the dissociation rate constant k(E) played in the VPS experiment, using (H20),
H* and (D,0), D* as examples[10].

We have observed rotationally resolved ultrahigh-resolution fluorescence
excitation spectra of the 0y’ (a-type) and 0o° +467cm* (b-type) bands of the
S 'A,—S 'A; transition of jet-cooled azulene. The observed linewidth is
0.0017cm™, which corresponds to the lifetime of 3.1 ns in the S, state. Zeeman
splitting of rotational linesis very small so that intersystem crossing to the triplet state
is considered to be very sow. Inertial defect is very small and the molecule is
considered to be planar in the & and S; states (C,v symmetry). Rotational constants of
the S state are amost identical to those of the § state, indicating that geometrical
structure is similar in both electronic states. In this case, internal conversion (IC) by
vibronic coupling is thought to be inactive. Therefore, the main radiationless
transition process in the S, *A, state of azulene was identified to be IC to the $;'B,
state. However, this $—S5 IC is dtill slower than that of conventiona polycyclic
aromatic hydrocarbons. We consider it to be due to the shallower potential energy
curve in the S'B, state, which is also responsible for the extraordinarily fast §—% IC
in the isolated azulene molecule [11].

Vibrational level structure in the So'Aq and S;'Ba, states of pyrene was



investigated through analysis of fluorescence excitation spectra and dispersed
fluorescence spectra for single vibronic level excitation in a supersonic jet and
through referring to the results of ab initio theoretical calculation. The vibrational
energies are very similar in the both states. We found broad spectral feature in the
dispersed fluorescence spectrum for single vibronic level excitation with an excess
energy of 730 cm™. This indicates that intramolecular vibrational redistribution
efficiently occurs at small amounts of excess energy in the S,'Bs, state of pyrene. We

have aso observed a rotationally resolved ultrahigh-resolution spectrum of the 02

band. Rotational constants have been determined and it has been shown that the
pyrene molecule is planar in both the S and S, states, and that its geometrical
structure does not change significantly upon electronic excitation. Broadening of
rotational lines with the magnetic field by the Zeeman splitting of M; levels was very
small, indicating that intersystem crossing to the triplet state is minimal. The long
fluorescence lifetime indicates that internal conversion to the S state is also slow. We
conclude that the similarity of pyrene's molecular structure and potential energy curve
inits S and S; states is the main cause of the slow radiationless transitions [12].

The dissociation rate constants for hydrogen fluoride dimers are calculated
using the YL method, proposed by Yao and Lin (Yao, L.; Mebel, A. M.; Lu, H. F;
Neusser, H. J;; Lin, S. H. J. Phys. Chem. A 2007, 111, 6722). The dividing surface
method and RRKM theory are also used to obtain pseudo-transition states and rate
constants, respectively. For the dissociation of HF dimers, the anharmonic rate
constants are around 3.02 x 10™ to 3.46 x 10™s*, while the harmonic rate constants
arein therange of 2.93 x 10" to 1.66 x 10**s™, at atemperature range of 243-1000 K,
for the canonical case. For the microcanonical case, the anharmonic rate constants are
in the range of 1.91 x 10™to 1.32 x 10*s™ and the harmonic rate constants are in the
range of 1.89 x10™ to 4.93 x10™ s, with a total energy range of 1338-4500 cm™.
Both harmonic and anharmonic rate constants are only comparable to the
experimental results 0.5 x 10 s* and 1 x 10" s* in an inert gas bath at room
temperature. In this case the harmonic and anharmonic rate constants show similar
results in this calculation. The results of this work indicate that the YL method is
suitable for calculating dissociation rate constants of small flexible HF dimers and the

anharmonic effect should be included [13].

Anharmonic effects of the absorption and fluorescence spectra of pyridine
molecule are studied and analyzed for the two-low lying singlet excited states S;(*By)
and Sy(*B,). The complete active space self-consistent field (CASSCF) method is
utilized to compute equilibrium geometries and all 27 vibrational normal-mode
frequencies for the ground state and the two excited states. The present calculations

7



show that the frequency differences between the ground and two excited states are
small for the ten totally symmetric vibrational modes so that the displaced oscillator
approximation can be used for spectrum simulations. The Franck-Condon factors
within harmonic approximation basically grasp the main features of molecular spectra,
but simulated 0-0 transition energy position and spectrum band shapes are not
satisfactorily good for S;(*B,) absorption and fluorescence spectrain comparison with
experiment observation. As the first-order anharmonic correction added to
Franck-Condon factors, both spectrum positions and band shapes can be
simultaneously improved for both absorption and fluorescence spectra. It is concluded
that the present anharmonic correction produces a significant dynamic shifts for
spectrum positions and improves spectrum band shapes as well. The detailed
structures of absorption spectrum of S,(*B,) state observed from experiment can be
also reproduced with anharmonic Franck-Condon simulation, and these were not
shown in the harmonic Franck-Condon simulation with either distorted or Duschinsky

effectsin the literature[14].

Conformation-dependent properties of | -Phenylalanine in neutral and radical
cations have been studied by using density functional theory (DFT) with a new
density functional M05-2X, which is applicable to molecular systems with
nonconvalent interactions. Adiabatic and vertical ionization energies and charge
distributions in the cationic conformers in addition to optimized geometrical
structures for both the neutral and the cationic conformers were evaluated. These
results were compared with DFT (B3LYP) results. The M05-2X results can explain
the correspondence between the observed and predicted conformers without
ambiguity. The possibility of conformerization of neutral conformers is indicated

from the results of IRC (intrinsic reaction coordinate) profiles[15].
IT. 3 Discussion

Effect of conical intersections on internal conversion has attracted considerable
attention for anumber of years. Very recently creditable measurements of the lifetime
of the S, state of pyrazine have been performed by Suzuki et a (JCP 2010) using the
20fslaser. We are in the process of using the density matrix method to analyze their
experimental data and performing the first-principle calculations of this lifetime of
pyrazine.
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