
Brief summary of my main research achievements
1. Study of polyalcohol dehydration in water using metadynamics at plane wave DFT

level
2,5-Dimethyltetrahydrofuran is an interesting bio-mass product that can be used as a liquid fuel[1]. It can be
produced via dehydration of 2,5-hexanediol in acid hot water [2]. Recently, Yamaguchi and coworkers reported
‘green’ conditions for this reaction, using high-temperature liquid water and high-pressure carbon dioxide as a
acid[3]. The new synthesis conditions present good stereo-selection, around 85% of cis product is obtained when
R,R-2,5-hexanediol is used. To determinate the reaction mechanism and the role of the water and proton, we studied
the reaction mechanism [4] using two computational techniques: string method[5] and metadynamics[6]. The string
method is a technique to obtain the minimum energy path. Two different channels were obtained using string
method with PIMD[7] with a microsolvated model at 0K, corresponding to the SN1 and SN2 mechanisms. The
lowest barrier of the two paths is SN2, which the stereoselectivity does not lose. Furthermore, the energy barrier
is similar to the experimental one. No intermediate. On the other hand, metadynamics is an efficient sampling
technique where a bias potential is constructed along well-chosen collective variables (CV). Different repulsive hills
are added along simulation path to discourage the system from revisiting previous conformations, occupying the CV
values. They force the system to scape to other minium through TS. In the moment when the TS is crossing, the
free-energy of the process along the chosen CV can be recovered from the negative bias potential. With the previous
obtained channels, a proper selection of CV are chosen for metadynamics: difference in bond distance between the
reactive carbon atom and the two oxygen of the alcohol, number of protons of one alcohol (coordination number
between the alcohol oxygen atom and the protons) and the dihedral angle, a structural variable that defines the
conformation of the structure and the reaction channel. With this setup, we completed metadynamics in a condensed
phase (70 water with periodic conditions), where the density and the temperature are the same as experiments, to
mimic the experimental conditions, with CPMD. The simulation setup allowed the system to chose the two channels.
In this scenario, we observed that only one channel is chosen, the SN2 mechanism, explaining the stereo-selectivity.
The obtained free energy shows that there is no intermediate in the reaction, as in the string method results. The
protonated alcohol is not a minimum and only is obtained via non-stationary processes (dynamics).

2. Implementation of hierarchical parallelization in ab initio replica simulations
Replica simulations (also called ‘bead’ or ‘image’ simulations) are a class of molecular simulation where the energies
and the forces are evaluated for a set of structures of the same system at each step. This class of molecular
simulations is employed for many purposes, such as quantum statistics or reaction paths. Although empirial force
fields or semiempirical methods can be used, ab initio or first-principles calculations are necessary for the force
calculations to make accurate theoretical predictions. This level of calculation is usually computationally expensive.
For making best use of massively parallel supercomputers, hierarchical parallelization is needed for this class of
simulations, where replicas and forces are parallelized. In this direction, a Fortran-based interface code called
PIMD[7] can calculate different replica simulations obtaining the force from other software (such as Gaussian or
Turbomole), using the intrinsic Fortran subroutine ‘system’, that passes commands to the system, and reading the
results via hard disk. However, this way is inefficient and usually prohibited in public facilities for administrative
reasons. Therefore, I implemented a coherent unification [8] of PIMD and the electronic structure code, Scalable
Molecular Analysis Solver for High-performance computing systems (SMASH)[9] using MPI. The new unique code
is more efficient, because it avoids hard disk readings and molecular orbitals are reused in each step. Furthermore
it is more user-friendly as it is a single unified program with MPI. The code was then used to study a Diels-Alder
reaction of cyclopentadiene and butenone by ab initio string method. I found a reduction in the reaction energy
barrier in the presence of hydrogen-bonded water, in accordance with experiment.

3. Development and implementation of a new algorithm to find minimum energy con-
ical intersections (MECI) with ab initio calculations

In photochemical reactions, the molecules have access to potential energy surface (PES) of electronic excited states
(ES) as well as electronic ground states. The shape of the PES in the ES can be characterized by its stationary
points, namely, minima, saddle points (transition states), and conical intersections (CI). The latter correspond to
points where two PES’s become degenerate. The CI’s are fundamentally important for understanding photochem-
ical processes because ultrafast radiationless transitions can occur at these points. The minimum energy point
along the CI seam, called the minimum energy CI (MECI), can be searched using numerical algorithms. The most
popular algorithm is the composed gradient method[10], implemented in Gaussian. However, this algorithm has
a drawback in maintaining the degeneracy during the optimization. In fact, it fails to find MECI in some cases.
To overcome this limitation, I proposed a new algorithm to rapidly find the MECI without losing the degeneracy
during the optimization process using two Newton-Raphson optimizations simultaneously[11]. The new algorithm,
called the double Newton-Raphson (DNR) method, was implemented by us into the Gaussian code using Fortran 77.
The numerical tests[11] showed that the DNR reduces the number of iterations around 40% in calculation to find
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the MECI. Furthermore, the algorithm was adapted for using the multiscale ONIOM scheme[12] and implemented
in Gaussian in collaboration with Prof. Keiji Morokuma in Kyoto University. The performance for 14 different
molecules turned out to be reasonably good[12]. The microiterations procedure[13] was also adapted and imple-
mented in the MECI algorithm with the expected efficiency. The ONIOM implementation opens the possibility to
use QM/MM calculations and to obtain MECI not only in gas phases but also in condensed phases. In fact, the
method was successful in finding the MECI of diphenyl-dibenzonyl-fulvene (DPDBF) in the crystal state[12].

4. Laser control in photoreaction of fulvene studied from ab initio quantum dynamics
simulations

Technological advances in lasers have made feasible to use them to control photochemical reactions. Recently, it has
been reported that the photodissociation of IBr is controlled by the combination of two lasers, where one is used
to pump the system to the ES, and the other is used to generate a non-resonant electric field shifting the energy
levels of the respective electronic states. This kind of laser control is called the control due to non-resonant dynamic
Stark effect (NRDSE). In this direction, I studied the NRDSE of fulvene[14] with quantum dynamics simulation
using by means of the multiconfigurational time-dependent Hartree (MCTDH) method[15]. Using a previous set
of coordinates[16], the PES of fulvene was obtained from ab initio electronic structure calculations with the non-
resonant external field being included. It was shown that with the NRDSE the lifetime of ES of fulvene is increased
from 10 fs to 40 fs with an external field of 0.08 a.u. This effect is due to the assistance of rotation of the exocyclic
double bound due to the NRDSE. In the ES, the barrier for rotation is very low, but an energetically accessible seam
between the GS and the ES favors the ultrafast decay around the planar structure and the energy of this structure
is increased with the external field. The intensity could be too high for experimental conditions since the molecule
can be ionized easily. Therefore, the main conclusion of this piece of work was that only molecules with large dipole
moment are able to be controlled by NRDSE.

5. Computational implementation of the CHA/F and CHA/DFT method
The BSSE (Basis Set Superposition Error) is an error that is introduced when a non-complete basis set is used
for solving the electronic Schrödinger equation within molecular orbitals as linear combination of atomic orbitals
(LCAO) approximation in ab initio calculations[17]. Usually, the BSSE is small but has significant impact on the
systems with weak intermolecular interactions, such as hydrogen bonds or van der Waals forces, where the relative
error is huge. Increasing the basis set size would be a solution but it is often computationally expensive. For this
reason, specific methods have been developed to obtain the energy without BSSE. Boys and Bernardi[17] proposed
the counterpoise (CP) method to avoid the error using calculations with ghost orbitals. However, the disadvantage
of the CP method is that it cannot be used for radicals or charged molecules. In addition, the CP method is only
applicable to the energy. Furthermore, obtaining the BSSE for three or more fragments is computationally very
expensive. The CHA (chemical Hamiltonian approach) method developed by Mayer[17] overcame these problems.
With CHA, the BSSE can be removed not only for the energy but also for the density, and the method is able
to evaluate the BSSE with a single calculation for two or more fragments. However, the CHA method has to be
adapted for each specific electronic method. Hartree-Fock (HF) and density functional theory (DFT) were adapted
to CHA/F and CHA/DFT methods[17], respectively, where the BSSE is extracted directly form the Fock matrix.
Therefore, I worked on the implementation of these two methods in Fortran 77 during my master thesis. Several
different functionals were implemented for CHA/DFT: LDA, PBE and BLYP (GGA) and B3LYP (hybrid). The
interaction energies of water clusters and hydrogen fluoride clusters with difference sizes were calculated without
the BSSE, and the results were compared with those from the CP method. The BSSE of molecules with different
multiplicity, which cannot be quantified with the CP method, has been calculated successfully with CHA/DFT
(PBE and B3LYP).
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Frisch, M. J. Journal of computational chemistry 2003, 24,
760–769.

[14] Ruiz-Barragan, Sergi,; Blancafort, L. Faraday discussions
2013, 163, 497–512.

[15] Meyer, H.-D.; Manthe, U.; Cederbaum, L. S. Chemical Physics
Letters 1990, 165, 73–78.

[16] Blancafort, L.; Gatti, F.; Meyer, H.-D. The Journal of chem-
ical physics 2011, 135, 134303.

[17] Mayer, I. International journal of quantum chemistry 1998,
70, 41–63.

2


