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Chapter 1

General Introduction

1.1 Introduction for the present thesis

In nature, there are many atoms and molecules. They undergo various interesting chemi-
cal reactions in gas, liquid, and solid phases. Theoretically studying chemical reactions is
equivalent to tracking the positions of electrons and nuclei within molecules. These mo-
tions are basically described in terms of the time-dependent Schrodinger equation, and the
quantum states of a molecule is determined in principle. However, the resultant equations
are quite often too large to solve directly even for molecules of moderate size. Therefore
we need various approximations, depending on what physical aspects one investigates. In
the present study we adopt the so-called mixed quantum-classical representation to track
dynamically the quantum states of molecules. In this representation, the electrons and
nuclei are treated by quantum and classical mechanics, respectively.

As the simplest extreme of this theoretical scheme, one may recall of the classical tra-
jectory calculations, in which the classical nuclei are driven by the Newton mechanics on
a single electronic potential energy surface based on the Born-Oppenheimer approxima-
tion [1, 2, 3]. This is called ab initio molecular dynamics (AIMD) method and frequently
is used to practically analyze chemical reactions. Since AIMD requires diagonalization
of the electronic Hamiltonian at each nuclear configuration, Car and Parrinello [4] pro-
posed a new molecular dynamics method that leads to an energy minimum of a molecular
system without diagonalization of the electronic Hamiltonian. Some studies based on
this method have been reported in the literature even for relatively large molecular sys-
tems [5, 6, 7, 8, 9].

A critical deficiency of these methods, however, is that the electron dynamics on the
course of chemical change can’t be tracked dynamically. One of the simplest methods to
treat electron dynamics is the so-called semiclassical Ehrenfest theory (SET) [10, 11, 12].
In this theory, the motion of the electrons follows the time-dependent Schrodinger equa-

tion (TDSE) according to the modified electronic Hamiltonian, while the motion of the



nuclei follows the Newtonian equation being driven by a mean-field force generated by the
average energy of the electronic wavepacket states. The equations of motion for electronic
and nuclear motions are solved simultaneously in a coupled fashion. Although SET faces
a theoretical difficulty well after a molecular system passes across a nonadiabatic region, it
gives a beautiful and accurate representation of the electron wavepacket dynamics. In the
present study, therefore, we adopt SET as a means to track electronic wavepacket dynam-
ics within the validity range of the theory. This treatment includes electronic wavepacket
propagation in terms of linear combinations of the so-called configuration state functions,
each of which is an appropriate linear combinations of the Slater determinants, and its
equation of motion takes explicit account of the nonadiabatic (nuclear kinematic) cou-
pling elements. An extensive application of such SET in ab initio level is yet found rare
in the literature of quantum chemistry and chemical reaction dynamics.

Thanks to the progress of the method of electron wavepacket dynamics such as the
above SET, electronic wavepacket states, rather than the eigenstates of the stationary
state electronic Hamiltonian, are now getting more available and becoming less excep-
tional. In this situation of the stage of progress, the main aim of the present work is to
develop the methodology to analyze chemical reactions by extracting dynamical informa-
tion from the electronic wavepackets. As an example, we study the probability current
density of electrons. This is a quantity to represent how the electronic probability density
flows just like fluid in molecular space. With this quantity, we can visualize clearly the
atto-second change of the electron current in the course of a bond rearrangement. Indeed,
we will numerically show for the first time the examples of the electron probability cur-
rent density or Schiff’s flux that is driven by nuclear kinematic couplings. Furthermore,
we propose a new way to determine the electronic current, which can be applied to the
AIMD. This is not a trivial extension of the Schiff flux, since the latter gives only a null
field for such a stationary wavefunction.

The second aim of the present study is to apply our developed physical quantities to
an actual chemical system. As a typical example we have picked double proton transfer in
formic acid dimer. This is because electronic rearrangement and flow inside the molecular
complex that take place synchronously with proton motions is of general interest and

highly nontrivial. Indeed we will find the way of such dynamics to proceed in this thesis.

1.2 Organization of this thesis

We first introduce a time shift flux and define adiabatic flux based on in chapter 2. Then,
we apply the Schiff’s and adiabatic fluxes to the collision reaction of Hy and NaCl, and
we show that the adiabatic flux can describe well the process which generates covalent
and ionic bonds of Hy and NaCl, respectively in the frameworks of the SET and AIMD
method. In chapter 3, the adiabaitc flux is applied to the double proton transfer (DPT)



in formic acid dimer (FAD). With the adiabatic flux and some physical quantities, we

study the mechanism of it.
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Chapter 2

Electron flux in molecules induced

by nuclear motion

Abstract

As a general tool for analysis of chemical reactions from the view point of electron
wavepacket dynamics, electron flux within a molecule is numerically realized in terms of
physically time-dependent electronic wavefunctions given by the semiclassical Ehrenfest
theory. These wavefunctions are synchronized with real time motion of molecular nuclei
through the nuclear kinematic coupling (nonadiabatic elements). Since the standard
quantum flux gives only a null field for a real-valued electronic eigenfunction, we extend
the definition of flux such that the essential information of dynamical flow of electrons
can be retrieved even from adiabatic electronic wavefunctions calculated in the scheme of

the so-called ab initio molecular dynamics.



2.1 Introduction

Studies on pathways of electrons in the course of chemical reaction are fundamentally
important in chemistry, biology and relevant material sciences. The current electronic
structure theory of molecules, i.e. quantum chemistry, can provide the accurate snapshots
of electronic distribution associated with geometrical changes of even very large molecules.
In fact, however, these snapshots do not actually represent the dynamical electron current
at each time, simply because most of the electronic wavefunctions in quantum chemistry do
not include the time variable, which represents electronic standing waves within the Born-
Oppenheimer approximation [1]. However, in the deeper study of dynamical chemical
reactivity, we sometimes want to identify how electronic flow in a molecule occurs as a
function of real time, synchronizing with the nuclear motions and/or an applied external
field (as such examples of demanding the knowledge of electron flow in molecules, see for
instance, [2, 3]), which partly constitutes the motivation of the present work. Another
quest for the real time dynamics of electrons arises from the rapid progress of attosecond
(as) pulse laser technology [4, 5, 6, 7, 8,9, 10, 11, 12, 13, 14, 15] With the successive use of
such ultra short time pulses (as in the pump-probe experiments), one may be able to follow
the real dynamics of electronic motion eventually. Therefore we here study some practice
to extract the quantum flux from ab initio electronic wavepackets. Although the electronic
flux is not necessarily a direct observable, theoretical insight about molecular electron
dynamics might serves as a useful guide even for experimental studies. Furthermore, such
a study is definitely necessary for a higher stage of chemical reactivity theory, particularly
for reactions in electronically excited states.

In order for the standard definition of flux to give a nonzero value, an electronic wave-
function under study must be a complex-valued function [16]. In their pioneering works
in chemical reaction dynamics, Wyatt et al. have shown beautiful quantum mechanical
flux arising from nuclear wavepackets in the reaction of H+ Hy [17] and F+Hy [18] (see
also [19]). As for the electronic flux within a molecule, such time-dependent currents are
usually induced by applying external fields to them. For instance, Steiner and Fowler
performed a molecular orbital study of electron flux induced by a magnetic field in con-
jugated molecules [20] and clusters [21]. Tsukada et al. have presented an extensive
theoretical studies on electron conductance of atomic and molecular bridges such as the
so-called molecular wire [22]. In their study, a wide class of molecular systems were shown
to exhibit interesting patterns of electron current by application of biased electrodes and
magnetic field. More recently, Barth et al. have carried out an ab initio calculation to
numerically realize the unidirectional electron ring current in Mg-porphyrin [23].

To track the electron current induced by chemical reactions in vacuum, one should
find a way to correlate an electron wavepacket with the absolute time by synchronizing

with nuclear motions. Indeed, Barth et al. have recently extracted electronic and nuclear



simultaneous fluxes using the full quantum non-Born-Oppenheimer calculation of Hy
molecule [24]. As a method to treat a many-electron system, however, we in this paper
adopt the semiclassical Ehrenfest theory [25, 26], in which electron wavepacket dynamics is
determined through the nuclear kinematic couplings (nonadiabatic coupling). This is the
case even if a system under study does not have an explicit avoided crossing or conical
intersections [27, 28]. In our study, an electronic wavefunction is propagated in time
along a ”classical” nuclear path, and it becomes inevitably complex valued. With these
complex wavefunctions, the standard quantum mechanical flux, that is, the probability
current density [16], which we denote the Schiff flux for simplicity in this paper, can
be explicitly evaluated for even a large molecule. Thus the first aim of this study is to
achieve numerical realization of the Schiff flux for the semiclassical Ehrenfest electron
wavepackets. To the best of our knowledge, no such numerical calculation has ever been
reported in the literature.

However, generation of a complex valued electronic wavepacket through the cumber-
some nonadiabatic couplings is neither common nor easy. On the other hand, the so
called ab initio molecular dynamics (AIMD) [29] has been well established as an on-the-
fly technique of propagating classical trajectories with use of the analytic evaluation of the
energy gradient of potential energy hypersurfaces [30, 31]. In this method, the adiabatic
electronic wavefunction is produced at each nuclear configuration successively. However,
being real-valued in general, these wavefunctions give identically zero to the Schiff flux.
The second aim of this paper is, therefore, to extend the Schiff flux so that the dynamical
information on the intrinsic electron flux hidden behind such a standing wavefunction is
extracted.

This chapter is organized as follows: Starting with the definition and formalism of the
nonadiabatic electron wavepackets in Sec. 2, we show, in Sec. 3, how the electron flux
is induced in molecules by nuclear motion. In Sec. 4, we extend the standard quantum
mechanical flux so that it can extract the electron flux in a stationary-state electronic

wavefunction. The paper concludes in Sec. 5.

2.2 Nonadiabatic electron dynamics and its induced

flux

2.2.1 Electron flux

We start with the general definition of quantum mechanical flux, and then proceed to the
electron flux within a molecule.

L
. 1 h— l) = __hQ VZ4+V (r,t t 2.2.1



be a one-body Schrodinger equation and consider a population loss from a closed volume

) such that
at/1/1 r,t)dr, (2.2.2)

then the flux vector naturally arises as [16]
= h * *
Ft) = o [0 (0, 8) V) (5, 8) — 6 (x,£) Vo (x,1)]. (2.2.3)

2im
This is a direct consequence of the conservation of probability, and is automatically fol-
lowed by the N-particle extension: With

N
9 9 a
=> (& & &) 224)
j=1

the 3-dimensional flux is represented as

(e ) = i (0 0 T (0 - 0O Tt (), (225

which is reduced to the one-particle reduced flux

j(r) = N/jN (r1,r2, -+ ,TN)dry - - dry, (2.2.6)
or

i) = % [@w (', 15t) — Viy (r,r';t)} : (2.2.7)

where v (1, r;t) is the off-diagonal spin-free first order reduced density matrix [32]. In

r'=r

this expression, V; is to be operated on the r coordinates first and after that r’ should
be replaced with r.

Note that if a wavefunction at hand is real-valued, as a solution of the stationary
state Schrodinger equation, the flux of Eq. (2.2.7) is identically zero. Thus, within the
framework of standard quantum chemistry aiming at the solution of the electronic eigen-
value problem, the flux is not a useful quantity. This is the case even for an electronic
wavefunction representing the electron transfer process. The zero flux is a natural conse-
quence of the situation that a standing wave solution is simply superposition of electron
currents having exactly opposite directions to each other. A direct idea to induce such
electron current is to apply a time-dependent interaction such as a field provided by a
laser or dynamical magnetic fields as described in Introduction. On the other hand, our
main concern in this paper is the electron flux synchronously induced by nuclear motion

in the course of chemical reactions.

2.2.2 Nonadiabatic electron wavepacket dynamics with the semi-

classical Ehrenfest theory

To attain a time-dependent electronic wavefunction, we use the semiclassical Ehrenfest

theory (abbreviated as SET). Although this method becomes invalid once the relevant
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nuclear path passes across an avoided crossing or conical intersection, and although this
difficulty can be totally removed by our method of phase space averaging and natural
branching (PSANB) [33, 34], we do use SET just to illustrate how the electron current
is calculated. Any other time-dependent electronic wavefunctions can be equally applied.
Below is the outline of the primitive version of SET we use in this paper [25, 26]. Note
that close inquiry of quantitative accuracy is not in the scope of the present work. Within
the nonrelativistic scheme, our quantum mechanical molecular Hamilton is generally of

the form

H(r,R) Z P2+ H(r;R), (2.2.8)
where many-body electronic Hamiltonian is defined by

H(r;R) Z 1 V,(r; R), (2.2.9)

in mass-weighted coordinates scaling all the masses to unity. Here, r and R denote the
electronic and nuclear coordinates, respectively, and p; and P, are the operators of their
conjugate momenta. V.(r;R) is the Coulombic interaction potential among electrons
and nuclei. In SET, an electron wavepacket is supposed to directly couple with nuclear
”classical” motions R (¢) in a manner of ¢ (r; R (¢)) which is expanded in configuration
state functions (CSF) {®;(r;R)} such that

Z Cyr () ®1(r; R) gy, (2.2.10)

The electronic state mixing represented by {C} (t)} takes place subject to the electronic

Schrodinger equation

m (Cr =D [Hﬁl) —ih) R X[ | Cs (1), (2.2.11)
J k
where
0P . .
Xiy = <(I)I| J> and HI(JI)(R) = <c1)1 ‘H( 1)‘ q)J> _ (2.2.12)

On the other hand, the nuclear path is determined by the mean-field force created by the
electron wavefunction such that [26]

s Bpp(e) _ (el g LOH5

R ()= C; (XIKHKJ — H XKJ) Cy— ; CigpCor (2.2.13)

I,JK

Simultaneous equations (2.2.11) and (2.2.13) are those we actually solve in this paper. For
more sophisticated version of SET that includes correction terms both for Egs. (2.2.11)
and (2.2.13), we refer to ref. [34]. The right-hand side of Eq. (2.2.13) is reduced to the

Hellmann-Feynman force only if the basis set used were complete.
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2.3 Illustrative examples of the Schiff flux

By performing the semiclassical Ehrenfest calculations as above, we show a couple of

examples of the Schiff flux for selected molecules having different type of chemical bonding.

2.3.1 A typical covalent bond: H,

We start with one of the simplest covalent chemical bonds, hydrogen molecule, to see how
the electrons flow in the course of bond formation and cleavage. We first prepare a pair
of hydrogen atoms on the ground electronic state at ~ 1.85 A of their mutual distance.
Then, we let them collide to each other with some relative momentum. They approach
each other and eventually are bounced back by the potential barrier. Figure 2.1 panels
(al) and (a2) shows a pair of snapshots of the Schiff flux based on the SET wavefunction
taken at the internuclear distance R = 1.32 A, one on the occasion of approaching (al),
the other separating (a2). A SET calculation has been carried out in terms of two CSFs
using only two low-lying o orbitals in 6-31G** basis. The weight of the configuration of
double excitation is in the order of 107°.

Two obvious points are immediately noticed. Due to the symmetry (note that the
mesh points in Fig. 2.1 are a little asymmetric), the electron flux at the central dividing
cross-section should be zero. In approaching, the electrons are flowing into the inner area
of H-H, thus pulling the nuclei inside. On the other hand, when separating, the electrons

flow out of the bonding region to pull the nuclei outwards.

2.3.2 Electron transfer induced by nonadiabatic transition: NaCl

As the second example, we explore the flux of NaCl. This molecule is well-known for its
electron transfer dynamics due to the potential crossing between the ionic Na™ +C1~ state
and the neutral Na+ Cl. The avoided crossing is localized at ~ 7.4 A in their internuclear
distance. We have let the neutral Na and Cl hit with a small kinetic energy (~ 0.095 eV)
but with zero impact parameter. SET wavepacket has been propagated in time in terms
of 703 CSFs of CISD with molecular orbitals of 6-31G basis set. Figure 2.2 (a) shows
the electron current at R = 8.31 A, which is significantly before the crossing. As seen,
the electrons are already flowing from Na to CI side through such a distant space. It is
noteworthy that electrons around chlorine atom is receding from the nucleus, and there
is a confluent point between the two flux lines from Na and Cl, which is naturally located
close to Cl nucleus. In the internuclear distance of R = 7.39 A (panel (b)), which is very
close to the avoided crossing point, the confluent point is found almost in the middle of
the bond distance. After the nuclear path has passed over the crossing region, at R = 6.02
A (panel (c)), the qualitative feature of the flux does not change much from that of panel

(b).
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2.3.3 Intra- and inter-molecular electron current in double pro-

ton transfer dynamics of formic acid dimer

Once the semiclassical Ehrenfest electronic wavefunction is at hand, the computation of
flux is not a hard task and can be used as an aid to analyze the dynamical mechanism
of chemical reactions. We here show such an example of rather complicated electronic
flow associated with the so-called double proton transfer in formic acid dimer (FAD).
In organic chemistry, the rearrangement of double bonds synchronizing with the proton
transfers is termed as tautomerization. However, it is not clear how the tautomerization is
accomplished from the view point of electrons flows, since there are a couple of nontrivial
competing channels for them [2]. Here is an example of the electron flux within FAD in
the energy range where double proton transfers are possible. SET wavepacket has been
evolved in time in terms of 861 CSF's of CISD with molecular orbitals of STO-6G basis
set. In Fig. 2.3, panel (a) shows the flux mostly on the molecular plane (so to say o-
flow), while panel (b) exhibits the flow at a plane which is shifted by 0.529 A from the
molecular plane (7-flow). It is remarkable that we observe a global flow throughout the
two molecules in the w-flow, which suggests a collective motion in the current within and

between the molecules.

2.4 Time-shift flux

As stated above, a real-valued wavefunction can give only zero flux in the Schiff definition,
Eq. (2.2.3) based on Eq. (2.2.2). This is also the case even for the electronic (adiabatic)
wavefunction generated in the course of ab initio dynamics. To remedy this aspect of the

Schiff flux, we explore a possible extension of it as follows.

2.4.1 Definition

In place of the time variation of the electronic density in Eq. (2.2.2), we consider the
dynamics of an overlap integral of a time-propagating wavefunction defined 4 (r,t) in a

volume () as
m% /Q O (5, — AtJ2) ¥ (v, ¢ + AL/2) dr
= —% / dr[i)* (t — At)2) V2 (t 4+ At/2) — o (t + At/2) V2™ (t — At/2)]
+ / deyp* (t — At/2) (V (t+ At)2) = V™ (t — At/2)) ¢ (t + At/2), (2.4.1)
Q

where 1 (t) can be general so far. If no external field is applied, the time dependence of

V (r,t) arises from a change in nuclear positions only, and we rewrite it as V (r,R(t)).

11



For a sufficiently small At, V (r,R (t + At/2)) — V*(r,R (t — At/2)) must be small due

to the slow nuclear motions. Thus we may neglect this term, which results in

%/Qw (t = At/2) ) (¢ + AL/2) dr
:_i/ dAY - [ (t — At)2) Vi (t + At/2) — o (t+ At/2) VO™ (t — At/2)],
o0

2mi
(2.4.2)

where 0f) is the surface of the volume €2, the coordinates on which are expanded by A.

Thus one can define a complex-valued flux

—

T(t,At) = % % (£ — AL/2) Vib (t+ AL/2) — o (E+ ALJ2) Vo (t — At/2)]  (2.4.3)

This flux, which we call the time-shift flux, represents a loss of the overlap of a wave-
function given at time t — At/2 with that at ¢+ At/2 through the boundary 052, which can
be, of course, complex. It may also be regarded as a spatial direction of the deformation of
a wavefunction from ¢ (t — At/2) to ¢ (t + At/2). To be a little more precise, we rewrite
the above overlap integral in Eq. (2.4.1) as

%/w (t — At/2) (t + At/2) dr = %/w (t+ At/2)dF (t — At)2),  (2.4.4)

where

dF (t — At)2) = ¢ (t — At/2) dr. (2.4.5)

Thus, Eq. (2.4.4) may be regarded as the rate of ¢ (t + At/2) running out of a functional
region (a part of the Hilbert space) that is covered by o (t — At/2), and J (¢, At) is a
complex vector that indicates the direction of the loss of such an overlap between two
wavefunctions of time interval At. Therefore, by tracking J (t, At) with an appropriate

choice of At, one can comprehend the time dependent flow represented by v () .

2.4.2 Induced flux and adiabatic flux

To study a little more precise feature of the time-shift flux, let us consider the time reversal
of J(t,At), that is .J (t, —At), which is

J(t,—At) = % (" (t+ At/2) Vi (t — At/2) — ¢ (t — At/2) V™ (t + At/2)]
= J(t,At)". (2.4.6)
Therefore we have the following relations

ReJ (t,—At) = Re J (t, At), (2.4.7)

and

Im.J (t,—At) = —Im J (¢, At). (2.4.8)

12



If our treated wavefunction remains real valued as in the ab initio dynamics, J (t, At) is
kept pure imaginary, that is J (t,At) = Im J (t, At), and the entire flux behaves subject
to the classical-like time reversal symmetry due to Eq. (2.4.8). In the limit of At =0, it
follows that

Im.J (t, At) — 0 (2.4.9)

and

—

J(t,At) — 7 (1), (2.4.10)

with j(t) being the Schiff flux. For these reasons, we call the imaginary and real parts of

—

J (t, At) the adiabatic flux and the induced flux, respectively, in what follows.

2.4.3 Approximate calculation of the time-shift flux

It is not necessarily easy to calculate J (t, At) rigorously. We therefore should introduce a
practical approximation as follows. For a short time At up to 100 attosecond (or may be
one femtosecond), the nuclear positions do not change significantly. So, in the estimate of
(¢ (t — At/2) |V]| ¢; (t + At/2)), where ¢; (t) are the molecular orbitals, the positions of
the atomic orbitals are assumed to be common for both ¢; (t — At/2) and ¢; (t + At/2).
But the coefficients of the molecular orbitals and those of the CSF can be mutually

different. Likewise, we assume (within a sufficiently short time At)
(i (t — At)2) |¢; (t + At)2)) =~ 0. (2.4.11)

This approximation prevents the estimate of [ dry* (t + At) Vi (¢) from being too com-
plicated.

2.4.4 Time-shift flux for the semiclassical Ehrenfest wavefunc-

tion.

We first study the basic feature of the time-shift flux by comparison with the Schiff flux

based on the semiclassical Ehrenfest wavefunctions.

2.4.4.1 H,

Figure 2.1 panels ((b1), (c1)) and panels ((b2), (¢2)) display the real part (induced flux)
and imaginary part (adiabatic flux) of the time-shift flux, which have been calculated
with the semiclassical Ehrenfest wavefunctions used in Fig. 2.1 (al) and (a2). The
shift-time chosen is At = 20 as. If At is too short, the adiabatic flux simply approach
zero and less economical, while for At of too long magnitude the overlap in Eq. (2.4.4)
loses its clear sense of continuity. Also as At become longer, the approximation in Eq.

(2.4.11) is deteriorated more significantly. Our numerical experience so far shows that
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At = 20 — 50 as is an efficient choice. Again, panel (bl) and (cl) represent the case of
approaching nuclei, while (b2) and (c¢2) does the case of separating nuclei. The induced
flux is very similar to the Schiff flux, as it should be. On the other hand, the adiabatic
flux is somewhat different from them, but the basic feature or topology is more or less

similar. We have currently no idea about the physical meaning of this difference.

2.4.4.2 Na(Cl

We next examine NaCl, a nonadiabatic electron transfer system. In Fig. 2.4, the first,
second, and third rows, represent the cases of R = 8.31 A, R = 7.39 A, and R = 6.02
A, respectively. The panels in the left column (al), (b1), and (c1) display the induced
flux (At = 50 as), which can be directly compared with the Schiff fluxes of Fig. 2.2. The
right column panels exhibit the adiabatic flux. Again the topological similarity between

the adiabatic and induced fluxes is apparent.

24.4.3 FAD

Similar calculations have been performed for FAD. Since we think that the similarity
between the induced flux and Schiff flux is already well confirmed, we here consider only
the adiabatic flux. Fig. 2.5, panel (al) displays the adiabatic flux for the o-flux at
the same geometry of Fig. 2.3, while panel (a2) shows for the 7-flux. Once again, the
similarity of the adiabatic flux to the Schiff flux has been confirmed.

Through the above series of numerical studies, we may conclude that the adiabatic
flux can be used as an indicator of the topology of flux, although the details among all
these fluxes, namely, the Schiff flux, the induced flux, and the adiabatic flux, are slightly

different from each other.

2.4.5 Time-shift flux extracted from ab initio molecular dynam-
ics (AIMD)

We have so far utilized the electronic wavefunction propagated in the semiclassical Ehren-
fest dynamics, in which the time variable is naturally involved through the nonadiabatic
coupling with nuclear motions. We further examine how the adiabatic flux (the imagi-
nary part of the time-shift flux) works for the time-independent eigenfunctions (adiabatic
electronic wavefunctions) generated as a snapshot at each moment in ab initio molecular
dynamics (AIMD).

2.4.5.1 H,

Our first example is again taken from the hydrogen molecule; the basic behavior of its
flux has been well studied as above. Figure 2.1 panels (d1) and (d2) show the adiabatic
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flux taken from AIMD in the same situation as those for the other panels of the same
figure. The time shift is again set to At = 20 as. It turns out that the adiabatic flux of
AIMD is similar to the Schiff flux, which is quite promising.

2.4.5.2 FAD

The final numerical example of this paper is taken from FAD with the recognition that
this molecular complex is large enough to test the adiabatic flux. In Fig. 2.5 panels (b1)
and (b2), we show the adiabatic flux extracted from the AIMD, by comparison with the
adiabatic flux of the semiclassical Ehrenfest electronic wavefunction, panels (al) and (a2).
We can also compare them with the Schiff flux of FAD at the same geometry shown in Fig.
2.3. As observed in the figures, the flux of this system is rather complicated. Moreover, it
is quite often that the electron flux quickly fluctuates in a large molecular system, which
can make some difference between the Schiff and time-shift flux. Nevertheless, we may
conclude that the topological and overall qualitative behaviors of the vector fields are
close enough to one another and the adiabatic flux of AIMD can be used as one of the

tools for analysis of chemical reactivity in electron dynamics.

2.5 Concluding Remarks

As a useful tool to study the electron dynamics in the course of chemical reactions, or
as an indicator of attosecond wavepacket dynamics, we have studied the electron flux
within a molecule or between molecules in terms of the electronic wavefunctions given by
the semiclassical Ehrenfest theory. Our preliminary calculations suggest that the electron
flux provides with very rich information about electron dynamics to facilitate visualization
and conceptualization of chemical processes.

We have also proposed a straightforward extension of the Schiff flux by considering
the time dependence of the regional overlap between a wavefunction and its counterpart
at some shifted time. One of the remarkable characteristics of this time-shift flux is
that its imaginary part of extracts a good approximation of the flux from a real-valued
wavefunction such as adiabatic electronic wavefunctions generated in ab initio molecular

dynamics.
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Figure 2.1: (Color online) Electron flux within the hydrogen molecule at the bond distance
of 1.32 A. Flux vectors are drawn at square lattice points. The vertical line-segment
in panel (al) indicates 1.27 A. In panels of the left column, the atoms are mutualy
approaching, while they are separating in the right column. (al,a2) Schiff flux with SET.
(b1,b2) Time shift flux with At = 20 as, the real part (induced flux) with SET. (c1,c2)
Time shift flux, the imaginary part (adiabatic flux) with SET. (d1,d2) Time-shift flux
(adiabatic flux) estimated with the AIMD (using the adiabatic electronic wavefunctions.)

The gray-scale bar represents the intensity of flux measured in units of A=2x as™!.
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Figure 2.2: (Color online) Schiff flux estimated with SET in NaCl molecule. Left and right
spheres graphyically represent Na and Cl nuclei, respectively. Flux vectors are drawn at
randomly chosen points.): Snapshots taken at geometries (a) before crossing, (b) at the

crossing point, and (c) after crossing. The vertical line-segment in panel (a) indicates 2.65

A
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Figure 2.3: (Color online) Schiff flux at a moment of proton transfers in formic acid
dimer. Flux vectors are drawn at randomly chosen points. Flux vectors are taken at (a)
the mlecular plane (o-flow) and (b) on a plane blow the plane of (a) by 0.529 A(r-flow).
The vertical line in panel (a) indicates 3.18 A.
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Figure 2.4: (Color online) Time shift flux with SET in NaCl molecule with At = 50 as,
the real part (induced flux, left column) and the imaginary part (adiabatic flux, right
column). Flux vectors are drawn at randomly chosen points. The nuclei of Na and Cl
are located on the left and right, respectively. Snapshots taken at geometries (al,a2)
before crossing, (b1,b2) at the crossing point, and (cl,c2) after crossing. The vertical

line-segment in panel (a) indicates 2.65 A.
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Figure 2.5: (Color online) Time-shift flux in formic acid dimer at the moment of Fig. 2.3
with At = 50 as. Flux vectors are drawn at randomly chosen points. (al) Adiabatic time-
shift fluxes of (a) on the molecular plane estimated with SET, (a2) Adiabatic time-shift
flux taken on a plane blow the plane of (al) by 0.529 A, estimated with SET. Adiabatic
time-shift flux estimated with AIMD taken (b1) on the molecular plane, (b2) on a plane
blow the plane of (b1) by 0.529 A. The vertical line in panel (al) indicates 3.18 A.
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Chapter 3

Electron wavepacket dynamics of
double proton transfer for FAD:

Semiclassical Ehrenfest study

Abstract

Double proton transfer is one of the most basic and interesting phenomena not only in
chemistry but in biological molecular science. Indeed, a DNA of the double helix structure
resorting to double and triple hydrogen bondings may undergo mutation through proton
transfers. We study the dynamical electronic mechanism in double proton transfer (DPT)
for formic acid dimer (FAD) as an illustrative example by using the semiclassical Ehrenfest
theory (SET).

Our main concern is how the molecular complex compensates the possible charge lo-
calization due to ”proton” transfer, which will induce an electron flow within the molecule
complex. This is so to say electronic current induced by proton transfer. Then general
questions are what is the geometrical pathway of electron current and how much is the
gross current. These analyses can be achieved only with a quantum chemical method that
directly treats the electron wavepacket motion within molecules as SET. In doing so, we
first investigate the electronic reorganization in dimerization process from two formic acid
monomers (FAM) to FAD before proton transfer. We find that the electronic structure of
the dimer is already significantly deformed from the relevant monomers in such a manner
that the reorganization facilitates the double proton transfer very smoothly. We then pro-
ceed to the electron wavepacket study of proton transfer dynamics in terms of SET. After
identifying the basic properties, such as the fact that this reaction is not hydrogen-atom
migrations but indeed ”proton” transfer reaction in concerted mechanism, we investigate
the electronic mechanism of this double transfer in great details. In particular, we apply
the so-called adiabatic flux studied abouve in this thesis to this study, which reveals the

direction of gross current in the dimer. It turns out that electrons flow collectively in the
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direction of the transferring protons, but the net amount of electrons that actually flow

is not large.
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3.1 Introduction

Proton transfer is an important elementary chemical reaction in chemistry, biology, and
material physics. For instance, it has been shown that proton transfer plays a vital
role in ATP synthesis [1]. Other studies of proton transfer in hydrogen-bonding systems
are [2, 3] (theoretical) and [4, 5] (experimental). Raymond et al. [2] have performed
ab initio molecular dynamics simulation for protonated linear water chain consisting of
single proton and six water molecules. Ushiyama and Takatsuka [6] have achieved for the
first time electron wavepacket dynamics for H;OJ starting from electronic ground and
the first excited states, respectively by using Semiclassical Ehrenfest theory [7, 8].

In nature, there are many molecules which undergo multiple hydrogen bonding like
DNA in a double helix structure. In those systems, multiple proton transfer may also
take place. In particular, double proton transfer in formic acid dimer (FAD) has been
studied extensively as a typical example of multiple proton transfer. In the early studies
on this dimer, optimized geometry, transition states, barrier heights were main objects
in quantum chemistry [9, 10, 11]. The tunneling splitting has also been calculated with
experimental [12] and theoretical approaches [13]. Ushiyama and Takatsuka have studied
the timing of double proton transfer and associated electronic structures with use of the
so-called ab initio molecular dynamics simulation [14], finding that double proton transfer
in FAD takes place rather successively.

Here in this paper, we study the electronic mechanism of the double proton transfer
in FAD with electron wavepacket method, actually the semiclassical Ehrenfest theory
(SET) described in Sec. 2.2.2. In spite of the fact that this dynamics looks simple, arise
the following serious questions on its detailed mechanism. First of all, we have shown
through a number of examples that transferring proton is never a bare proton nucleus
but is always covered with much amount of electrons (0.5 - 0.8 electrons). Based on this

numerical finding, the sequential questions follow:

1. What is the dynamical mechanism: proton transfer (Fig. 3.1), hydrogen-atom mi-
gration (Fig. 3.2), hydride transfer (Fig. 3.3)7 We call the event "proton” transfer

tentatively before we can determine the mechanism.

2. In the limit of proton transfer and hydride transfer, a large amount of electrons
should flow inside the system to compensate the charges carried by the proton
nuclei. How and how much does electron-current occur in the event of ”proton”

transfer. What is the geometrical path-way of such electrons currents?

3. If the hydrogen-atom migration is the basic mechanism, we do not have to expect
such a large net flow of electrons. (See Fig. 3.2) However, it is quite unlikely that
hydrogen-atom migration actually happens since very high-energy is expected to

generate non-bonded hydrogen atoms. How, though, can we verify this intuitive
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statement on the theoretical basis? In other words, how can we determine the

distinction between the hydrogen migration and proton transfer.

4. If indeed proton transfer occurs, a kind of coordination of the lone pair of the oxygen
atom to the bare proton nucleus is expected. Then, how electrons flow in direction
opposite to that of shifting of the double bond within a monomer? In fact, this
further electron transfer cannot happen since the valence orbitals of the protonated
oxygen is already full. Or else, does an electron jump with the transferring proton
from one FAM to the other? If so, isn’t it a hydrogen-atom transfer? Besides, a
large amount of electron flux is expected from the newly protonated oxygen to the

other oxygen that releases proton and electron.

5. The hydride transfer makes the above electron flow even larger and should be pre-
cluded as a possible mechanism. And, none of the three mechanisms is good. What

is wrong with these classic mechanisms?

The aim of this paper is to resolve these questions in a general manner. The difficulty
arises from a simple minded idea that the transfer ”protons” are pushed out from each
monomeric state. This is actually not the case and it turns out that this simple looking
reaction is composed of two states: (1) A significant electronic state reorganization from
monomers to dimer precedes the ”proton” transfer, in which each of the transferring
protons is in a kind of electron deficient chemical bond in the site of OHO. This bonding
state makes it easier for the proton nucleus to shift from one side to the other without
large electron flow. Also, the double bond nature in C=0 is delocalized to the other
side and keeps to dynamically fluctuate. The electronic state of the stable geometry of
FAD is therefore already close to that of the transition state. (2) We then track the
electron wavepacket dynamics associated with ”proton” transfer with SET. It turns out
that this "proton” transfer proceeds in a concerted mechanism and no hydrogen radical
is generated on the reaction path way.

The semiclassical Ehrenfest theory (SET) we apply in the present analysis is a method
of mixed quantum-classical treatment; an electron quantum wavepacket evolved on a
" classical” nuclear path, which is driven by an mean-field potential given by the electronic
wavepacket. With such time-dependent electronic wavepacket we calculate the electronic
flux and its related quantities. These methods have been developed in the preceding
chapter in this thesis. Since the direction and amount of electron current induced in the
double proton transfer is a critical key to understand its mechanism, as described above,
the visualization of the dynamical current of electrons is important. In the analysis of
FAD, therefore, we develop some theoretical methods to analyze the electron dynamics in
reactions and define various quantities, which would serve as useful tools also for analyses

of general molecules.
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3.2 Electronic reorganization from monomers to dimer:
Molecular orbitals and electron densities of FAD

at the stable and transition states

As stated in Introduction, we study the double proton transfer in FAD in two stage. Here
in this section, we examine what happens when two formic acid monomers (FAM) makes
a dimer. A chemically significant reorganization of the electronic structure is observed.
We presents both canonical and localized molecular orbitals at the stable (energetically

optimized) geometry and at the transition state for double ”proton” transfer.

3.2.1 Computational methods

To obtain the geometric structures and electronic states at the stable and transition
states for FAD, we carried out electronic state calculation for FAD and FAM with the
standard version of GAMESS [15]. In the dynamical calculations with SET, which is
implemented into GAMESS, we use the electronic configurations of singles and doubles
excitations (CISD) to construct configuration state function (CSF), for which the method
by graphical unitary group approach (GUGA) has been applied [16, 17, 18, 19, 20]. The
basis set we used are basically STO-6G. In CISD calculation with STO-6G, the number
of the canonical molecular orbital (CMO) is 34 with 10 occupied orbitals. We selected 20
frozen core orbitals out of 34 CMOs, resulting in 864 CSFs for SET. Obviously, this basis
set is very small, but the number of CSF to expand the electron wavepackets is already

large enough.

3.2.2 Geometric structures at stable and transition states for
FAD and FAM

In Figure 3.4, we show the schematic pictures of the molecular structures of FAD at the
most stable state (consistently abbreviated as SS) and transition state (TS), respectively.
For later convenience, we label each atom of FAD as in Fig. 3.4. In Table 3.1, we
show the internuclear distance, Ra,p,, the angle, ZA;B;Ck and the relative coordinates,
X;(i = 1,2), where Ra,p, is the internuclear distance between the I/-th A and .J-th B
atoms, ZA;B;Ck denotes the angle between lines A;B; and B;Ck. X;(i = 1,2) will be
defined later in Egs. (3.3.1) and (3.3.2). The units of internuclear distance, angle and
relative coordinate are Bohr and degree, respectively, throughout the present paper.
Both FAD at the SS and ST lie on a single plane, and have molecular symmetry of Cyj,
and Dy, respectively. It is found in this computation that the geometries of SS and TS
are quite similar to each other in the present basis set, except for the asymmetric positions

ofH5 and H10 in SS. Also, the internuclear distance, Rosce and Rpsos are shortened and
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elongated, respectively, from the relevant values of the monomer. This suggests that the
double bonds on C=0 should be weakened and instead the single bond of C-O be stronger
by dimerization. This is not surprising but still provides a theoretical window from which

to see the inside of mechanism.

3.2.3 Molecular orbitals study for FAD at stable and transition

states
3.2.3.1 Some characteristics of the canonical molecular orbitals

We next try to capture the very basic characteristics of electronic structure of FAD using
the RHF molecular orbitals with STO-6G basis set. Figure 3.5, 3.6, 3.7 and 3.8 represent
the canonical molecular orbitals (CMO) for SS, while those for TS are drawn in Figs. 3.9,
3.10, 3.11 and 3.12. In both figures the 1s orbitals of C and O atoms are excluded, and
only 28 out of 34 MOs are displayed. CMO #24 is the highest occupied molecular orbital
(HOMO). The number in each box represents the relevant orbital energy in Hartree. The
red and blue distributions in the panel represent positive and negative values, respectively.

We first look at the CMOs of the transition state, which is simpler due to the higher
symmetry. As seen graphically all of them show interesting geometrical feature. In
particular, CMO #13 along with #11 and #19 strongly suggests a similarity of bonding
at the bridging sites C-H-C to the electron deficient bonds of B-H-B in diborane, three
center two electron bonding. Another interesting feature is found in CMOs #16 and
#17, which are responsible of double bonds between C and O atoms. Due to the obvious
symmetry, though, they are not localized in contrast to the monomer. Therefore, these
two m-bonds represents a bond order of one and half.

Then, we examine the CMOs at the stable structure. It turns out in this basis set
that geometrical distributions as well as their phases at SS are quite similar to those of
TS. Indeed, only the order of CMO #17 and #18 is different from each other. CMO #13,
along with #11, still retain the feature of the electron deficient bonding. As a natural
consequence of the lower symmetry of SS, the CO double bonds are now significantly

localized, but still the delocalization over O-C-O site is observed.

3.2.3.2 Electron deficient chemical bonds: Comparison with diborane

As noted above, some of the molecular orbitals suggest that the bonding in the site of
O-H-O looks like three-center-two-electron bond, the so-called electron deficient bond, the
typical one of which is found in diborane. A large difference between FAD and diborane,
though, is that the potential energy for the central proton nuclei in diborane has only
a single valley without a potential barrier in contrast to FAD. The molecular orbitals of

diborane can be seen in the recent study on its electron wavepacket dynamics in laser
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field [21]. The distance between H5 and H10 in FAD (4.288 Bohrs) is much longer than
the distance between the central two protons in diborane, and the indirect interaction
between them via the bonds H-O-C-O-H in FAD should be much weaker than that of
H-B-H of diborane. Therefore the attractive interaction between the central H atoms is
not strong enough to overcome the their individual local interactions that tend to shift

the position of them from the Dy, structure.

3.2.4 Localized molecular orbitals (LMO) at stable and transi-
tion states for FAD

It is quite often for the canonical molecular orbitals not to give the valence picture of
chemical bonds. The localized molecular orbitals (LMO) facilitates such understanding
and sometime provide additional insight. We thus localize the CMOs of FAD. Although
we have done it with both Boy’s criterion [22] and Ruedenberg one [23], we here show the
Boy’s LMO {¢.}, which can be obtained by maximizing the total distance between the

molecular orbitals, that is,

A({o}) = [T [(Riw — Ri)’ + (Riy — Ry)* + (Riz — R;.)’] (3.2.1)

i>j
where {R;,} are dipole integrals defined by
Rio = (dilal¢;)  (a=wy,2), (3.2.2)

where {¢}} are usually real functions at standard electronic state calculation. The LMOs
{¢#.} are correlated through an orthogonal transformation with the CMO {¢,} such that

CMO
¢ = diata (3.2.3)
with
<¢;|¢;> = 0jj- (3.2.4)

Thus, the above coefficients, {d;,} are determined so as to maximize evaluation function,
A({8i})-

Figure 3.13, 3.14 and 3.15 are LMOs of the stable state (SS), while those at the
transition state are displayed in Figs. 3.16, 3.17 and 3.18. To save the space only occupied
LMOs, except for the 1s cores of C and O atoms, are exhibited in those figures. Again,
the red and blue distributions in the panel represent the positive and negative parts of
LMO, respectively.

We first take a closer look at the LMOs at TS. The first four LMOs, panel (al)-(a4),
are obviously four lone pairs lying on the molecular plane and emanating from four oxygen

atoms. The next four, panel (b1)-(b4), represent OH bonds in the bridging regions. The
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characteristic of the electron deficient bonding at O-H-O site is not clearly reflected in
the present LMOs. The next eight LMOs, panel (c1)-(c8), create the so-called 7-bond (or
the banana bond) arching between the C and O atoms. It should be noted however, they
are a little biased so as to have a heavier weight at O atoms. The last two bonds, panel
(d1)-(d2), give rise to CH bonds of the edging CH bonds.

Here again, the LMO at SS are quite similar in shape to those of TS. It is quite
interesting to see that even at the stable structure, eight almost equivalent 7-bonds are
also generated. Therefore, the difference between the single bond C-O and double bond
C=0 has become very small in the dimer, that is, FAD.

Another interesting feature in LMO representation is that the nature of electron defi-
cient bonding as in diborane, which was rather clearly observed in CMO representation,
is not as clear even at the transition state. This aspect is rather subtle and we will come

back later to this point.

3.2.5 Similarity of electronic structure between the stable and

transitions: energetics

As shown above, the similarity of both in CMO and LMO at the stable geometry and
transition state is quite clear. We here detour the energetics of this characteristic feature
by calculating the binding energy and for two monomers to form a FAD, and energy barrier
at the transition state energy for the double proton transfer in FAD. These are calculated
with CISD method with basis sets, STO-6G, STO-6G(p), STO-6G(p(H5H10)) and 3-21G.
STO-6G(p(H5H10)) is the basis set which includes p type polarization function on H5

and H10 atoms. The dimerization energy is defined as
AE; = 2.0 x EfM — gFAD, (3.2.5)
while the potential barrier at the transition state is given by
AE, = EFAD — EFAD (3.2.6)

with EFAM - EFAD and EFAD being, respectively, the total energy of formic acid monomer,
that of FAD at SS, and that of FAD at TS.

Table 3.2 lists these values, but experimental value for AFEj, was not found in the liter-
ature. In this table, dimerization energy with 3-21G is closest to the experimental value.
On the other hand, the barrier height with the basis STO-6G(p) and STO-6G(p(H5H10))
are almost equal to that given by 3-21G, although the dimerization energies AF,; with
them are pretty far from that with 3-21G. Also, the dimerization energy by CISD with
STO-6G is much larger than that of the experimental value, whereas the barrier height is
much lower than that given by 3-21G. Thus, it seems to be important to use double zeta

basis set for the accurate calculation of dimerization energy, and the p type polarization
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function may be necessary for the calculation of the barrier height. Nevertheless, we use
STO-6G basis for the sake of computational cost in performing a electronic wavepacket
propagation with the semiclassical Ehrenfest theory with use of CISD configuration state

functions.

3.2.6 Electronic reorganization from monomers to dimer: Dif-

ference electronic density
3.2.6.1 Deformation of the electronic density

To clarify more vividly what happens to the electronic states in the process of dimer-
ization of formic acid monomers (FAM) to FAD. To investigate the difference in spatial
distribution of one electron density between FAD and two FAMs, we calculate the follow-
ing difference density [24]. Suppose FAD is given at a geometry. Then one can assume
the presence of two FAM at this geometry without any mutual interaction. Then A~y (r)
between FAD and FAM is simply defined as follows

Ay (r) = yrap (7) — Yram (7)), (3.2.7)

where 7 is the Cartesian coordinate of one electron, and vpap () and ypay (7) are the
diagonal spin-free first order density matrix for FAD and for the two noninteracting FAM,

respectively, at this geometry. The density matrix, v (r) is defined by

Z¢ %J¢J ), (3.2.8)

where {¢; (r)} and {¢} (r)} are one-electron orbital functions and its complex conjugate,
respectively, which may be molecular orbitals or atomic orbitals, and {v;;} are the rel-
evant coefficients. {v;;} in our calculations are given through the CISD and is further

decomposed as
CSF

Z i ey, (3.2.9)

where {C7} are the coefficients of the CSF, {%J } are one electron coupling constants
25, 26].

Figure 3.19 shows the difference density, where two FAMs are specified to be the left
fragment consisting of O6C7O8HI9H10 and the right fragment of O1C203H4H5 (the upper
proton H5 is transferring from right to left, and H10 from left to right.) These FAM are
regarded as two noninteracting FAMs that have been brought in to the give positions
and geometries. Here again the CISD method with STO-6G basis set for both ypap ()
and ypaym (7) has been used. The spatial distribution of the difference densities at the
stable structure, panel (al) - (a3), and those for the transition state, panel (bl) - (b3)
are shown. Panels (al) [(a3)] and (b1) [(b3)] display the contour plot sliced at Z = —1.0
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[Z = 1.0] Bohr from the molecular plane. These represents the difference density mainly
in m-bonding. On the other hand, panels (a2) and (b2) shows those at Z = 0.0 Bohr,
which detects the difference in the o-bonding. d values in each panel denotes the contour
width. Red and blue closed curves in all panels indicate positive and negative values,
respectively. The vertical line segment at panel (al) indicates 10 Bohrs.

We first investigate the stable state. The electronic reorganization occurred in -
bonding, as observed in panel (al), is a great shift of the double bond from 03-C2 [O8-
C7] to the site of O1=C2 [06=CT7], which was already observed in the presence of the
eight equivalent 7-bonds in the site of 03-C2-O1 [06-C7-O8]. The decrease of m-bonding
character at C2 [C7] is due to a trade-off between the decrease in O3-C2 [O8-C7] and
increase in O1=C2 [06=CT7].

The difference happened in o-bonding seems a little more complicated, which is ob-
served in panel (a2). The population of the part of sp? hybridization on O6, which directs
towards Hb5 side, decreases. There was a double bond in between O6 and C7 in the isolated
formic acid monomer, and this hybridization made one of two lone pairs on the molecular
plane. On the other hand, in the similar part of sp?-like space on O3, the electron density
increases despite the weakening of the bond of H503. The electron density on H5 is a
little lower than that in the corresponding monomer. The same phenomena happens in
the lower part of FAD, that is the place around O8, H10, and O1, which is the mirror
image of the upper site consisting of O6, H5, and O3.

The above reorganization of o-electrons may be comprehended as the following view:
On the O6, the nature of lone pair is partly eliminated and instead the character of the
chemical bonding of O6H5 is penetrating in. On O3, conversely, the nature of chemical
bonding between H5 and O3 is weakened and the nature of the lone pair is being brought
in. The similar phenomena take place also for the transition state. The reason why the
electron density on H5 becomes smaller is that H5 has been treated as though it still
belongs to the site of the right formic acid monomer in our calculation of the difference
density. It is quite natural to conceive that the density on an oxygen atom is larger for a
lone pair than for the bond of OH, which accounts for the balance of the positiveness on
O3 and negativeness on O6.

The above difference density may summarized that in forming FAD the electronic
structure has been significantly deformed so that the release of H5 from O3 making a lone
pair on O3 and the accepting of H5 by O6 making a new bond have already become easy

and smooth.

3.2.6.2 Electronic currents

Since the FAD lies on a plane, the separation between o and 7 electrons holds rigorously.
Therefore the electronic deformation in the m-electron systems (decrease in O3 and O8,

and increase of O1 and O6) suggests that current in the direction from O3 to O1, and
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from O8 to O6. On the other hand, it should be safe to assume that electron does not flow
through the o-bonds of O3-C2-O1 and O6-C7-O8. Then the increased electron density
at O3 [O8] should have been supplied from the decreasing site of O6 [O1]. Therefore it
is expected that the over all electron flow has taken place in clockwise manner in the
present geometrical configuration. That is the reverse direction of the double proton

transfer. Note, however, that the double proton transfer does not yet begin.

3.3 Double proton transfer dynamics in FAD as stud-
ied with Semiclassical Ehrenfest theory (SET)

This section is devoted to the study of dynamics of proton transfer in formic acid dimer

with the semiclassical Ehrenfesrt theory. We show the results of double proton transfer
dynamics for FAD by SET.

3.3.1 Initial condition and computational procedure to solve
SET

The initial conditions and the computational procedures to solve numerically the equations
of motion, Eq. (2.2.11) and Eq. (2.2.13) for SET are as follows: First we prepare the most
stable state, or the optimized geometry of FAD using CISD with STO-6G basis. Therefore
the initial condition for the electronic state is the ground state. To this molecule, momenta
whose kinetic energy as high as 60.2 kcal/mol are given in various directions to initialize
the dynamics. 16 paths have been launched to evolve the electron wavepacket in SET
calculations, and 11 paths out of these 16 successively undergo double proton transfer.
In what follows we pick one path from these as a typical example and perform detailed
analyses.

The electronic Hamiltonian matrix, H 1(31) (R(t)) to solve SET is generate with CISD
configuration state functions in STO-6G basis. The integrators used to solve Eq. (2.2.11)
and Eq. (2.2.13) are the 4th order Runge-Kutta and 5th order Gear methods, respectively.
The time-step to integrate these equations are 0.5 as [attosecond] for Eq. (2.2.11) and
30 as for Eq. (2.2.13), respectively. We have integrated SET equations up to 180 fs

[femtosecond].

3.3.2 Time series of geometry change

We first trace the geometrical change in the proton transfer. To specify the position
of protons, H5 and H10 in Fig. 3.4, the relative coordinate, X; and X, are defined as

follows [14]:

R
Xy = —R06H5 cos (fozoens) » (3.3.1)
0306
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and

R
X2 = ROSHIO COS (GOIOSHIO) y (332)
0108

where Ry, is the internuclear distance between the I-th atom A and J-th atom B,
whereas 0a,5,c, is an angle between lines A;By and BjCk. By the definition of relative
coordinate, X; > 0.5 and X5 < 0.5 imply that H5 and H10 stay at the O3 and O8 sides,
respectively. For instance, X; = 0.5 is regarded as a criterion to judge whether H5
exceeds the center lines of O3-06.

In Fig. 3.20, we show the time series of relative coordinates, X (f) in panel (al)
and X, (f) in panel (a2). The vertical and horizontal line segments in this figures are
X, (t) (i = 1,2) and time, respectively, and horizontal line in each panel indicates the
critical value to judge proton transfer. In panels (al) and (a2) observed is a rapidly
change from X; > 0.5 and X5 < 0.5 to X; < 0.5 and X, > 0.5 during a period from 60
fs to 80 fs. This fact means that H5 (H10) move from right (left) formic acid monomer
(FAM) to the left (right). After this has happened, X; becomes consistently small, while
X5 keeps increasing, which simply suggests that two newly formed FAM recede from each
other after exchanging the protons. In what follows, we further study what happens
in electron wavepacket dynamics behind this proton movement in terms of the present

example.

3.3.3 Proton carries much electron density in its transfer: Mul-

liken population analysis

We then track the time series of the Mulliken charge [27] in Fig. 3.21, where the Mulliken

charge on atom A is defined as

AO AO
Mulliken charge = Za — > Y %Sy (3.3.3)

HEA v

where Z4 is a nuclear charge at atom A and S, are the overlap integrals among the
atomic orbitals (AO), which are to be summed up only over AOs belonging to atom A,
as symbolized as Zﬁg e

In Fig. 3.21 plotted are the Mulliken charge of H5 and H10. A quite interesting fact
is observed both in H5 and H10. They remain almost constant, as low as about 0.3 (not
1.0), throughout the proton transfer reaction. A naive interpretation of this observation
is that each proton nucleus is covered with electrons as many as about 0.7. Therefore
proton in ”proton” transfer is never a naked proton nucleus, but it is rather a positively
charged hydrogen atom as far as only the electron population is concerned. Surprisingly,
therefore, the electronic state, at least the electronic population, on a transferring proton

is not affected by the transition from one side to the other.
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The above fact has been widely observed in other ”proton” transfer dynamics in elec-
tronic ground state. Of course, the actual population of the covering electrons depends
on a system under study and the basis set used. However, it is quite likely that the above
view should be a phenomena quite common to the proton transfer dynamics. So arises a

natural question: Is it proton transfer or hydrogen migration?

3.3.4 Extremely small contribution of hydrogen-atom migra-

tion: Very small radical character in the reaction

As shown above, it is not theoretically trivial to distinguish between electron rich proton
transfer and electron poor hydrogen migration. We here study this aspect from the view
point of electronic structure. The idea is that if hydrogen-atom migration happens, a
radical centered on the transferring proton nucleus should be form, as though a hydrogen
atom is isolated on the way of transfer. Since this implies that a strong chemical bond OH
(say O3-H5) is perfectly broken before forming a new OH bond (say O6-H5), this process
is likely to be quite unfavorable in energetics. Nevertheless, let us check this possibility.

To judge quantitatively whether a radical center is actually formed on a transferring
proton nucleus, we resort to the unpaired electron density proposed by Takatsuka many
years ago [28, 29, 30]. It is defined as

A

D=4—-4 (3.3.4)

where 74 is the one electron density operator. In closed shell system, the diagonal elements

of Eq. (3.3.4) in coordinate representation become

D(r)=2y(r) — /dr”y (r, 7))y (r' 7)), (3.3.5)

which represents the spatial distribution of unpaired electrons. To obtain the gross un-

paired electron population on an atom A, the matrix elements, we write v(r,r’) as

AO
V) =X (1) Ywxo (7). (3.3.6)

and insert it Eq. (3.3.6) to Eq. (3.3.5). Then D (7) is written as

AO AO
D(r) =2 xu (1) Yo (1) = D Xu (1) %urSasvavxs (7). (3.3.7)
uv HUUAS

The gross population for unpaired electron on atom A, N4, then becomes

AO AO AO
Na = Z (22711”5”# - Z,Y;L)\SAé,y(sV'SV,U> ) (338)
HEA v vAS
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which we call unpaired electron population.

In Fig. 3.22, we show the time series of unpaired electron population on O1, C2, O3,
H4, H5, 06, C7, O8, H9 and H10, which is given by Eq. (3.3.8. The population on O1,
C2, O3, H4, H5, 06, C7, 08, H9, and H10 are presented in panel (al), (a2), (a3), (ad),
(ab), (a6), (a7), (a8), (a9), and (al0), respectively. Again this time series corresponds to
the dynamics of Fig. 3.20.

From this figure, the unpaired electron populations on O1, C2, O3, 06, C7 and OS8 are
seen to remain as small as about 0.1, and those on H4, H5, H9 and H10 are even smaller
down to about 0.01. This fact means that the radical character of FAD remains very small
in this reaction. Or, this reaction is essentially of a concerted mechanism. Thus it can be
judged that any significant radical center does not appear on the transferring protons in
the course of their transfer dynamics, and we preclude the possibility of hydrogen-atom

migration in this reaction.

3.3.5 Large fluctuation of double bonds: Bond order dynamics

representing the fluctuation of double bonds

We next study the dynamics of the double bonds in C-O sites. To investigate the spa-
tiotemporal distribution of m-bonding as well as its anti-bonding character, we define a

bond-order density [21], which is a natural extension of the standard bond order. Tt is

defined as

ﬁ)/bond Z X}L V/M/XV ) ) (339>

where x, (r) denotes atomic orbital (AO) on pth atom. The matrix elements {+/,,} are

determined as follows

Y (If AO pair span over different atoms)
y, = (3.3.10)
0 (Otherwise)

and the matrix elements, {v,,} are the spin-free first order density matrix in the AO
representation. Recall that these density matrices have been calculated with the electron
wavepackets in SET.

In Fig. 3.23, we show the snapshots of the spatial distribution of bond order density.
Panel (al)-(d1), (a2)-(d2), and (a3)-(d3) are given at 40.0fs, 73.9fs, 99.0fs, and 144.9fs
on z — y plane (almost the molecular plane) at z = —1.0, z = 0.0, and z = 1.0 Bohr,
respectively. The density at 2 = 0.0 Bohr show the bond order for o-electrons, while those
at 2 = —1.0 and z = 1.0 Bohr are supposed to represent mainly the m-electron dynamics.
The width of the contour lines in panels (al)-(d1), (a2)-(d2) and (a3)-(d3) are 0.005, 0.01

and 0.005, respectively, and the red and blue lines in all the panels represent positive and
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negative values, respectively. The vertical line segment in panel (al) indicates 10.0 Bohr
and white, black and red spheres at all panels represent hydrogen, carbon and oxygen
atoms, respectively. During the period of 40.0 (fs) to 73.8 (fs) in Fig. 3.23, H5 (H10)
move from right (left) to left (right) fragment.

We focus on the spatial distributions at 40.0 fs, 73.8 fs and 99.0 fs. Panels, (al)-(a3)
at 40.0 (fs) are the spatial distributions of bond order density of FAD, which is fluctuating
around the stable state. As observed in the spatial distribution of the localized molecular
orbitals at the optimized geometry, the double bond character localizing in C2=01 and
C7=06 is obviously weak, and they fluctuate in space and time.

At 73.8 (fs), two protons, H5 and H10 are shifting from one site to the other, and
by 99.0 (fs) the transfer is finished. Omne can see the shift of the double bonds being
associated with the transfer, but again, the bond alternation proceeds in a mild manner.
No dramatic change has been observed. On the other hand, it is almost a trivial task to
confirm that bond order density for o-electrons in the site of O-C-O keeps almost constant
throughout.

Incidentally, in panels (b2) and (¢2), we observe a smooth change of bond orders in O-
H-O sites. In particular, they support the view of concerted reaction mechanism without
generating radical centers. The spatial distribution in O-H-O looks like a three-center-
two-electron bonding.

Thus we may say that FAD has already been prepared well so that it can exchange
protons with no further need to drastically reorganize the electronic distribution and

bonding status.

3.3.6 Bending motion of CH with respect to OCQO plane as-
sisting the m-bond fluctuation through sigma-bond to pi-
conjugation

In Fig. 3.23, panel (al) for Z = —1.0, a pretty high bond order density in H5-O3 and
H10-0O8 is noticed as though there are m-bonding in these sites. Of course this is not
the case. However such a high density may arise due to out-of-plane motion of these OH
bonds. Likewise we observe in panel (bl) in Fig. 3.23 that there is a similar effect of
in between C2 and H4. The out-of-plane bending motion of C2-H4 seems to assist the
delocalization or fluctuation of m-bond from C2=03 to C2-O1. This effect reminds us of
the hyperconjugation between a methyl functional group and benzene m-bonds.

We try to quantify this effect, that is the effect of the bending motion of CH on 7m-bond
shift. To do so, we define the dihedral angles, 6, and 65 as follows:

anag + babg + caca

2002 £ 2 /a2 L2 4 o2
Vag + 0 + iy Jag + 05 + ¢

cosf =

(3.3.11)
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with
a;x + by +ciz+d; =0, (i =a,p) (3.3.12)

where Eq. (3.3.12) is the equation of plane, a and # and the schematic picture of the
angles is shown in panel (a) of Fig. 3.24. Next, we calculate the bond order density at
the middle point between C7 and H9 and between C2 and H4 at Z = +1.0 Bohr, that is,
(x,y, 2) = (Rugs + | Ruox — Reral/2, Ruoy + |Ruey — Reryl/2,£1.0), where R,,; is the i-th
coordinate of atom «. Figure 3.24 shows the time-propagation of the angles, #; and 6, in
panel (bl) and (b2), respectively. The bond order density at the middle point of CH at
Z = £1.0 Bohr are shown in panel (c1) and (c2), which corresponds to the dynamics of
0, and 6,.

In panel (c1) and (¢2), we see the bond order densities at C7-H9 at Z = 1.0 Bohr and
at H4-C2 at 7 = —1.0 Bohr increase at 73fs, when two protons, H5 and H10 are just
transferring at X; and X3 ~ 0.5. On the other hand, in panels (bl) we see a large out-
of-bending motion for 1, which reaches up to about 20 degree from the molecular plane,
while 0y doesn’t almost change as in panel (b2). The bond-order density at Z = +1.0
for C7-H9 is seen to well correlate with the bending motion in #,. In particular, at time
73 fs, we observe a high peak in the bond-order density for C7-H9 as seen in panel (cl),
which is in accordance with the counter plot of the bond-order density of panel (bl) in
Fig. 3.23.

In Fig. 3.25, we draw the bond-order density at time 73.11 fs at the planes of Z = —1.0
Bohr (panel (al)) and 1.0 Bohr (panel (a2)). In between C4 and O2, we observe a high
bond-order density in the plane of Z = —1.0 Bohr. Panel (a3) shows a side view of the
bond-order density on the x — z plane, which extends almost parallel to the axis of C2
and H4. A closer look at the density nearby H4 in panel (a3) strongly suggests that the o
bond of C2-H4 is noticeably mixed with the m bond character, which should be borrowed
from the 2p, orbital of C2. Note that in the present basis set, STO-6G, no p-type orbital
is used for H4 atom. Conversely, it may be said that C2-H4 bond should commit the 7-
bonding systems through C2 atom. So far, however, we have not yet found a numerically
clear evidence that such bending motion actually assists the delocalization of m-bonding
in the site of O-C-O.

3.3.7 Global feature of electronic state remains almost constant:

Snapshot of difference density

We here revisit the difference density, which we studied in Sec. 3.2.6 to confirm that
a dramatic change in the electronic structure does not happen in the course of double
proton transfer. It is defined in Eq. (3.2.7). The snapshot of the difference density at the
planes of z = —1.0 (left column), z = 0.0 (central column), and z = 1.0 (right column) at
time 40.0, 73.8, 99.0, and 144.9 fs are shown in Fig. 3.26. Again, the red and blue curves
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represent the contour lines of positive and negative values, respectively. The vertical
line segment in panel (al) indicates 10.0 Bohrs. Red, black, and white spheres represent
carbon, oxygen and hydrogen atoms, respectively.

A comparison of Fig. 3.26 with Fig. 3.19 shows that the topological features of them,
the places of increasing and decreasing electrons, are essentially the same, whose physical
interpretation was discussed in Sec. 3.2.6. The most outstanding feature in these figures
therefore that (i) the spatial distribution of electrons has changed significantly on the
occasion of dimerization of monomers, and moreover (ii) there is no qualitative difference
after dimerization even when double proton transfer occurs. This characterizes a very

important and essential aspect of double proton transfer in FAD.

3.3.8 Gross electron flux associated with proton transfer: Adi-

abatic electron flux

After all the endeavor in analyzing the essential feature of double proton transfer in
terms of the static quantities, we are now getting into the final stage to summarize the
mechanism of it. We here study the electron current induced in the molecular system in
accordance with the proton transfers. As a quantity to capture such electron dynamics,
we can consider Schiff’s flux. This flux means probability current density (PCD), and we
can track the motion of probability density. The Schiff’s flux gives non-zero value for a
complex-valued function, the complexity usually arise from the external time-dependent
perturbation. The electronic wavepacket in SET is also usually a complex-valued function,
which is driven by the nonadiabatic coupling with time-dependent nuclear motions. To
attain the gross electron flow arising even from adiabatic electronic motion, we also apply

the adiabatic flux, which has been proposed in Chapter 2.

Snapshots of the adiabatic flux

We here show the snapshots of adiabatic flux in Fig. 3.27. In this figure, blue arrow
and contour line are adiabatic flux and the bond order density. In the left, middle, and
right columns are the snapshots taken on plane z = —1.0, z = 0.0 and z = 1.0 (Bohr),
respectively. Also, the first, second, third, and forth rows show the snapshots taken at
time 69.0, 73.1, 76.0, and 81.0 (fs), respectively. Red, black and white spheres represent
oxygen, carbon and hydrogen atoms. The bond order density with red and blue contours
indicate positive and negative values, respectively. During the present period occurs the
double proton transfer.

In panels (b1)-(b3) at time 73.1 fs, the adiabatic fluxes take the largest values, when
the relative coordinates X; and X, takes almost 0.5, implying that the protons are just in
the middle on the way of their shifting. Adiabatic flux in panel (bl) is directed from O6
to O8 and from O1 to O3, respectively. In panel (b2) generated is a vortex around each
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atom, and that of panel (b2) is directed from O6 to O8 and from O1 to O3, respectively.
This is an interesting dynamics that needs deeper study.

Although quite interesting, these raw data of the pointwise local flux have not revealed
the gross electron flow that is synchronized with proton transfer. We therefore proceed

to the following analyses, seeking for more qualitative behavior of the electron dynamics.

Definition of surface and time integrals: some practice for the flux calculations

The adiabatic flux is able to track the behavior for overlap distribution of electronic
wavefunctions at time, ¢ and ¢ + At. We first define the surface integral of the adiabatic
flux at  and y directions, S8 and Séad) First, Adiabatic flux, @V (r, t; At) is given by

FEV(r t; At) =Im [J (r,t; At)], (3.3.13)

where J = J and J is defined in Eq. (2.4.3). By using Eq. (2.4.3), we define the following
form
S8V (20, ) = / dydzJPV (zo,y, 2, t; At)
Sa
(3.3.14)
S (1) = [ dodzI (o, 2. 80),
S1
where zy and yo are points at x and y coordinates in the Cartesian coordinates, respec-
tively, and the integrals of Eq. (3.3.14) mean the integral quantities of time-shift overlap
distribution, which passes through the surface, S; and Sy at * = ¢ and y = ¥, respec-
tively. In our numerical calculations, points xy and vy, and surfaces S; and S, are selected

such that

( |Raa: - R,Bz| |Raac - R51’|
—2.0+#§$§ 2-0+#,

|Ray - Rﬁy|
Y= ——F7

S, 2 (3.3.15)

|Raz - Rﬁz| |R0cz - Rﬁz|
—20 4 o < 2 204+ o

(a, B) = (01, O8) and (03, O6)
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and
|Rax - Rﬁx |

Ty = 92 3

R,,— R R.,— R
_2'0+w§y§2‘0+M

S, = s (3.3.16)

|Raz - Rﬁz| |Raz - Rﬁz|
204 e S 2 S 20—,

(@, B) = (O1,C2), (03,C2), (06,C7) and (08,C7)

\
where R,; is the i-th component at classical nuclear position of o atom. Next, we define
the time integral of Eq. (3.3.14) by

3\

t
QU (yo, 1) = / ar5@D (4, 7)

to

(3.3.17)

t
Qg(fd) (o,t) = / dTSZ’(,ad) (20,7),

to )

where t;, means initial time and 7 is time variable later than ¢5. The numerical integral

of Eq. (3.3.14) is approximated by the sum

/ dof () = Z Az f(x;), (3.3.18)

where z; is coordinate, f(z;) is integrand at x; and Ax; = ;47 — z;. In the present
calculations of Eq. (3.3.14), we select Az;, Ay; and Az; of Eq. (3.3.18) with 0.0667 Bohrs
and select the integral region in z, y and z axes to be 4.0 Bohrs. The time-shift At of
time is set to 30 as.

Net electron flow

In Fig. 3.28, we show the time dependence of the surface integral at time ¢, panels (al) -
(a6); the results of Eq. (3.3.14), where panels (al), (a2), (a3), and (a4) are for S?Sad) (yo, 1)
taken at O6-C7, O8-C7, O3-C2 and O1-C2, respectively, whereas panels (a5) and (a6) are
for S (xo,t) taken at O3-O6 and O1-08, respectively. They are plotted against time in
units of fs. At these panels, the behavior of Eq. (3.28) fluctuates rapidly around zero and
also, the amplitude of S?Sad) (yo,t) is higher than the one of 5D (yo,t). This fact means
that the behavior of electronic state between O1 and O3, and between O6 and O8 are
larger than the one between lines O1-O8 and O3-06.

Panel (bl) - (b3) represent the resultant value of Eq. (3.3.17), which is the total
amount of current that is accumulated up to time ¢. Red and green curves in panel (bl)
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are for Slsad) (yo, t) of surfaces, O6-C7 and O3-C2, respectively, those at panel (b2) are for
S;Sad) (Yo, t) of surface, and finally O8-C7 and O1-C2 in panel (b3) are for slad) (zo,t) of
surface, 03-06 and O1-O8. In the calculation of Eq. (3.3.17), the numerical integration
was performed with Eq. (3.3.18) choosing At to be 0.18 fs.

The surface integrals in panels (al) - (a4) represent the flux passing through the
cross section in between C and O atoms (four places), which monitors the electron flow
associated mainly with the 7-bond fluctuation. They actually oscillate around the value
of zero with a period of about 20 fs. (The very fine oscillation comes from attosecond
level fluctuation of the quantum phase and is not very interesting in the present context.)

On the other hand, the surface integral in panels (a5) and (a6) detects the flow passing
through a cross section in between O-H-O sites (hydrogen bonding sites). These quantities
also show an oscillation, which is more rapid (period is about 8 fs) with smaller amplitudes.

To quantify the gross flow of these flowing electrons with fluctuation, we show accu-
mulated quantities of the surface integral as in panels (b1l) - (b3). In panels (bl) and
(b2), a clear change in the behavior of Qéad) is found at about 70 fs, which is the time of
proton transfer. That is, those for O6-C7 and O8-C7 are reduced and keep negative after
then. Conversely, the accumulated flux in O3-C2 and O1-C2 increase and remain positive
afterwards. These results indicate a net flow of electrons in the direction of 01 —-C2—03
and O6—C7—08.

Likewise, panel (b3) of this figure indicates a net electron flow in the transferring
proton area in such directions as O3—H5—06 and O8—H10—O1. Therefore, we have a
global and cooperative flow in the counterclockwise direction. See Fig. 3.30. [Recall the

discussion of Sec. 3.2.6.2, which suggests a clockwise electron flow in the dimerization
process from two FAM to FAD.]

3.3.9 Schiff’s flux of electrons induced by nonadiabatic interac-
tion

Finally we apply the same analysis in terms of the Schiff flux, which is induced by nona-
diabatic transition. In Fig. 3.29, we show the results of surface and time integrals that
the integrand of Eq. (3.3.14) for Schiff’s flux are defined as Eq. (2.2.7). In the present
calculation, Eq. (2.2.11) for the ground electronic state has been solved. We have applied
the same analyses as above to the Schiff flux.

Panel (al)-(a4) in Fig. 3.29 are S, (yo,t) for the surfaces set in O6-C7, O8-C7, O3-C2
and O1-C2, respectively. Panel (ab) and (a6) are for S, (z¢,t) of the surfaces in O1-O8
and 03-06, respectively. Here again the positive values of S, (z¢,t) and Sy (yo,t) means
that the probability density goes through the defined surface to the positive direction in
x and y axes, respectively.

Panel (b1)-(b3) in Fig. 3.29 show the time series of Q) (zo,t) and @, (o, t) on surfaces
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06-C7, 03-C2, O8-C7, 01-C2, 03-06, and O1-O8, where red and green lines of panel
(bl) are @y (yo,t) of surfaces O6-C7 and O3-C2, respectively. Likewise those of panel
(b2) are for the surfaces in O8-C7 and O1-C2, respectively, and those of panel (b3) are
for Q. (xo,t) of the surfaces O3-O6 and O1-08, respectively.

It is interesting to compare the panels (al)-(a6) of 3.29 with those in Fig. 3.28. An
inspection reveals that the Schiff flux oscillates far quickly, and there is no fluctuation
of longer scale in contrast to the adiabatic flux. Then we integrate them to accumulate
the net current in the Schiff flux. In panel (b1)-(b3), we observe a qualitative change in
the behaviors of @, (zo,t) and @, (vo,t) around 70 fs. However, @, (yo,t) on surfaces,
06-C7 and O8-C7 become positive values, and that of surfaces O8-C7 and O1-C2 become
negative. This means the fluxes are directed in O8—C7—06 and O3—C2—01.

On the other hand, @, (zo,t) on surfaces O3-O6 and O1-O8 become negative and
positive values, respectively, although they undergo fluctuation till 100 fs. Thus it turns
out that the induced electron flux is directed in O3—H5—06 and O8—H10—0O1, which
are the directions of proton transfers nearby them. (See Fig. 3.31.)

In the present system, the mixing of the excited state configurations in the SET
wavepacket dynamics happens to be small, which implies that the effect of the nonadi-
abatic coupling must be small. Therefore the nonadiabatically induced electron flow as
detected by the Schiff flus is expected to be small. On the other hand, the adiabatic flux
is regarded as a total flux that arise from all the net movement of an electron wavepacket
including the nonadiabatically induced motion. Therefore the gross flux discussed in the

above subsection should represent the global feature of entire electron flux.

3.4 Summary of the dynamics: monomers to dimer,

and double proton transfer: Concluding remarks

The reaction mechanism of double proton transfer in formic acid dimer (FAD) consists
of two stages; (i) dimerization of monomers (FAM) to FAD, and (ii) proton transfer in
the dimer. It turns out that each is composed of the following substeps, which are not
necessarily sequential.

i) Dimerization process:

1. A large electronic reorganization takes place in the dimerization process: (1) The
double bond C=0 in FAM is weakened and m-electrons are massively delocalized
to the single bond region of C-O. Although the distinction between stronger dou-
ble bond (the former C=0) and weaker one (the former C-O) can be made, they
are found to fluctuate. (This fluctuation seems to be assisted by the out-of-plane

bending motion of the adjacent CH o-bond.
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2. A large reorganization on the four oxygen atoms: The lone pair on O atoms lying
on the molecular plane and directed towards a coming-in proton is reduced in the
electronic population. Instead a character of o-bonding to create the new OH bond
grows there. This is essentially a transformation from sp? to sp® hybridization. Due
to this reorganization, the population on these O atoms is reduced. On the other
hand, the population on the other set of O atoms is found to increase. This is due to
the opposite reorganization, that is, decrease of the character of OH o-bonding and

increase of the character of lone pair, transformation of sp® to sp? hybridization.

3. Due to the m-delocalization and reorganization in o-bonding by re-hybridization,
electrons should flow in the opposed direction to the forthcoming proton transfers.

[Clockwise direction in our molecular setting.]

4. The electronic reorganization thus far to make a dimer let FAD prepare for protons
to transfer easily. In case that the above processes are well achieved within FAD,
the dimerization energy is deeper and the barrier height for proton transfer (the

energy of the transition state) should be lower.

5. It seems that our used basis set STO-6G is particularly favorable in this aspect.
Indeed, the molecular orbitals at the optimized geometry is very close to those of
the transition states. Particularly interesting feature of some of MOs is that there
seems to exist a three-center-two-electron bonding in the site of O-H-O, which looks
like a single tube extending over the region. It is readily expected that proton can

shift from one O atom to the other through these electron-deficient-like bonding.
ii) Proton transfer process from above formed FAD:

1. First of all, we have precluded the possibility of the mechanism of hydrogen-atom
migration in terms of the unpaired electron density. So, the electrons are essentially

paired irrespective of their partial population on the atomic sites.

2. In the above electronic status prepared in FAD, the proton nuclei shift their positions
as though passing through the three-center-two-electron MO tube. In this passage,
the individual nucleus protons carry a pretty much amount of electrons (ca. 0.7 in
the present case) as indicated in the Mulliken population analysis. Recall that the

inverse electron flow has already taken place in the dimerization process as above.

3. Only a small amount of electrons is carried over from the old CH bonding site to
the new CH bonding site.

4. Concomitantly, the double bonds of C=0, which are already delocalized to some-
what a large extent, are also shifted to the old C-O bonding sites.
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5. These electron flow is collectively directed in the same direction of proton movement.

[Anticlockwise in our setting.]

6. The souble proton transfer is completed.

In the present calculations with use of STO-6G, the above two processes have been
clearly recognized, which happen to be nice for analysis. However, for other basis sets, the
above two processes may take place almost simultaneously, where the shallower dimeriza-
tion energy and higher potential barrier for proton transfer. In such a case, the electron
flux might be a superposition of those of clockwise and anticlockwise directions.

Finally, let us consider the receding process of FAD after double proton transfer. This
is exactly the reverse process of the dimerization summarized above. Therefore, the sub-
steps there take place in time reversal way. For instance, the electron current should
be observed in the anticlockwise direction, which would push most of the clockwise flow
backwards. In this series of events (dimerization, double proton transfer, dissociation),
therefore, net flow of electrons come from the event of proton transfer, which is anticlock-
wise flow, as described above.

Thus we have attained a clear insight about the dynamical mechanism of double proton

transfer through the study with electron wavepacket dynamics.
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Table 3.1: Bond lengths and angles of FAD (formic acid dimer) at the stable state (SS)
and transition states (T'S), along with those of FAM (formic acid monomer). R,p, is the
internuclear distance between I-th A atom and J-th B atom, and angle A;jB;Ck denotes

the angle between lines A;|Bj and B;jCk. The molecules are all on a plane.

FAD(SS) FAD(TS) FAM(SS)
Roica  2.382 (Bohr) 2.416 (Bohr) 2.357 (Bohr)

Rosco 2.456 2.415 2.622
Ruaca 2.079 2.079 2.075
Rusos 2.007 2.215 1.870
Rusmio 4.288 4.288
X4 0.556 0.500
Xs 0.444 0.500
Z£03C201 127.0° 127.3° 123.4°
ZC201H10 118.7 114.9
Z03H506 177.5 177.1
Z03C2H4 116.0 116.4 111.3
ZC203H5 111.8 115.0 103.1
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Table 3.2: Dimerization energy (FAM to FAD), AE,; and barrier height AF;, for dou-
ble proton transfer given by CISD with the basis sets STO-6G, STO-6G(p), STO-
6G(p(H5H10)) and 3-21G.

AE, AE),
Computational level (kcal/mol) (kcal/mol)
CISD/STO-6G 3.1 0.3
CISD/STO-6G(p) 4.2 8.0
CISD/STO-6G(p(H5H10)) 4.0 7.1
CISD/3-21G 16.9 8.5
experimental 12.72
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for double proton tran

igure 3.1: Schematic picture
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Stable state

Transition state

Figure 3.4: Schematic pictures of FAD in the stable state (upper panel) and transition
states (lower). The atomic configuration in the upper panel serves as an initial geometry

before proton transfer. This numbering of the atoms is used throughout.
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Figure 3.5: Spatial distribution of canonical molecular

orbitals (CMO) for FAD in the

stable state (SS). The number in each box indicates the corresponding orbital energy (in

Hartree). The red and blue curves represent positive and negative values, respectively.

CMO24 is HOMO.



CMO15

H5
H5

Hio H10

-0.6223 (Hartree) -0.5554

CMO17 CMO18

H9 H4 H9

H10

H4

H4

Figure 3.6: Spatial distribution of CMO for FAD in SS. Continued.
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Figure 3.7: Spatial distribution of CMO for FAD in SS. Continued.
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Figure 3.8: Spatial distribution of CMO for FAD in SS. Continued.
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Figure 3.9: Spatial distribution of canonical molecular orbitals (CMO) for FAD in the
transition state (T'S). The number in each box indicates the corresponding orbital energy

(in Hartree). The red and blue curves represent positive and negative values, respectively.
CMO24 is HOMO.
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Figure 3.10: Spatial distribution of CMO for FAD in TS. Continued.
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Figure 3.11: Spatial distribution of CMO for FAD in TS. Continued.
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Figure 3.12: Spatial distribution of CMO for FAD in TS. Continued.
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Figure 3.13: Spatial distribution of Boy’s LMO for FAD in the stable state (SS). The red
and blue curves represent positive and negative values, respectively. Only the occupied

orbitals excep for the 1s core of C and O atoms.
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Figure 3.14: Spatial distribution of Boy’s LMO for FAD in SS. Continued.
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Figure 3.15: Spatial distribution of Boy’s LMO for FAD in SS. Continued.
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Figure 3.16: Spatial distribution of Boy’s LMO for FAD in the transition state (TS).
The red and blue curves represent positive and negative values, respectively. Only the

occupied orbitals excep for the 1s core of C and O atoms.
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Figure 3.17: Spatial distribution of Boy’s LMO for FAD in TS. Continued.
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Figure 3.18: Spatial distribution of Boy’s LMO for FAD in TS
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Figure 3.19: Spatial distribution of the difference density based on one electron density
of FAD and FAM at the optimized geometry (al)-(a3), and in the transition states (bl)-
(b3). Panels (al) and (bl) are the plot on  — y plane at Z = 0 (Bohr), while (a2) and
(b2) are taken on x — y plane at Z = —1.0 (Bohr). Panel (a3) and (b3) are plot on x —y
plane at Z = 1.0 (Bohr), which is exactly the same as (al) and (bl), respectively, since
the molecules are on a single plane in this case. The red and blue curves represent positve
and negative values, respectively, and d is the width of contour plot. The vertical line
segment in panel (al) indicates 10 (Bohr).
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Figure 3.20: Time series of relative coordinates: Panel (al) X;(¢) and panel (a2) X5(t).
See the text for the definition of the relative coordinates. X; = 0.5 (the holizontal line),

for instance, means that the proton H5 is in the middle on the transferring coordinate.
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Figure 3.21: Time series of the Mulliken charge on H5 atom (panel (b1) and H10 (panel
(b2)).
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Figure 3.22: Number of the unpaired electrons on each atom: Panel (al), (a2), (a3), (ad),
(ab), (ab), (a7), (a8), (a9) and (al0) are the unpaired electron population on O1, C2, O3,
H4, H5, O6, C7, O8, H9, and H10, respectively.
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Figure 3.23: Snapshots of the bond order density on z = —1.0 Bohr (panels (al), (bl),
(c1) and (d1)), 0.0 Bohr (panels (a2), (b2), (c2) and (d2)) and 1.0 Bohr (panels (a3),
(b3), (c3) and (d3)). The vert ical line-segment in panel (al) indicates 6.0 Bohr. The
width among both contour lines is 0.01 and 0.005 for z = +1.0 and z = 0.0, respectively.
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Figure 3.24: Panel (a) Definition of the dihedral angle between plane H9O106 and
0O6C703, and that between plane O1C2H4 and O1C203. Panel (bl) and (b2) are the
dynamics of these dihedral angles, 6;(bl) and 65(b2). Panel (cl) and (c2) exhibit the
bond order density at © = Ruo, + |Ruos — Rerel /2, ¥ = Ruoy + |Rugy — Reryl /2 and
z = =%1.0.
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Figure 3.25: Spatial distribution of the bond order density on = — y plane(z = 0) at-
time 73.11 fs. Panel(al) and (a2) are taken at Z = —1.0 (Bohr) and Z = 1.0 (Bohr),
respectively. Vertical line segment at panel (al) is 6.0 (Bohr). Panel (a3) is the spatial
distribution of bond order density taken at x — z plane (y = 0) (side view) at 73.11 fs.
Red and blue curves represent positive and negative values, respectively. The width of
the contour plot at panel (al) and (a2) is 0.005, and that of panel (a3) is 0.01.
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Figure 3.26: Snapshots of the difference density between formic acid dimer and formic
acid monomer on z = —1.0(left column), 0.0 (central column), and 1.0 (right column).
Time to take the snapshot is at time 69.0 fs (first row), 73.1 fs (second row), 76.0 fs (third
row), and 81.0 fs (fourth row). The width among both contour lines is 0.01 and 0.005 for
z = =%1.0 and z = 0.0, respectively.
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Figure 3.27: Snapshots of the adiabatic flux on on z = —1.0 (left column), 0.0 (central
column), and 1.0 (right column). Time to take the snapshot is at time 69.0 fs (first row),
73.1 fs (second row), 76.0 fs (third row), and 81.0 fs (fourth row). The arrow and the
contour in these panels are the vector and scalar fields of adiabatic flux, respecitvely. The
width among both contour lines is 0.01 and 0.005 for z = +1.0 and z = 0.0, respectively.
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Figure 3.28: Surface integral of the adiabatic flux. Panel (al), (a2), (a3) and (ad) are
S;Sad)(yo,t) on O8C7, O6CT7, O1C2, and O3C2, respectively. Panel (a5) and (a6) are
Sg(gad)(xo,t) on 0306 and O108, respectively. Panel (bl), (b2) and (b3) are the time
integral of Eq.(3.3.14), where red and green curves represent Qg(/ad) (yo,t) of O6CT and
03C2, and of O8C7 and O1C2, respectively. Panel (b3) show QP (xo,t) of 0306 and
0108, respectively.
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Figure 3.29: Surface integral of Schiff’s probability current. Panels (al), (a2), (a3),
(ad), (ab) and (a6) are those taken on O8C7, O6C7, O1C2, 03C2, 0306 and 0108,
respectively. Panel (bl), (b2) and (b3) are the time integral of Eq.(3.3.14), where red
and green curves represent Qéad)(yo,t) of O6CT and O3C2, and of O8C7 and O1C2,
respectively. Panel (b3) show and) (x0,t) of 0306 and 0108, respectively.
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Figure 3.30: Direction of the gross electron flow assocaited with the double proton transfer

as estimated with the adiabatic flux.
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Figure 3.31: Direction of the gross electron flow assocaited with the double proton transfer
as estimated with the Schift’s flux.
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Chapter 4
General Conclusions

In this thesis, we have constructed a method to analyze electron dynamics causing a
chemical reaction within a mixed quantum-classical treatment and the method was applied
to double proton transfer for formic acid dimer.

In chapter 1, we first studied an effective way to track a change of electron wavepacket
within molecule in terms of probability current density, which is the current of electronic
density at time t. However, Schiff’s flux gives only a null field for ab initio molecular
dynamics (AIMD) method, which is one of the frequently used quantum chemical method.
In order to resolve the difficulty, we defined adiabatic flux, which is the imaginary part
of the time shift flux that we have invented. This flux represents the current density
arising from the time shift overlap distribution of electronic wavefunctions at different
times. We have shown how it works taking examples from colliding dynamics for Hy and
NaCl with use of the semiclassical Ehrenfest and the AIMD methods. It was shown that
the adiabatic flux describes the generating process of covalent bonding for Hy. In NaCl
the adiabatic flux well described the generating process of formation of the ionic bond
of NaCl. Thus, the adiabatic flux is shown to be capable of describing basic chemical
processes.

In chapter 2, we studied double proton transfer for formic acid dimer (FAD) by using
the adiabatic and Schiff’s fluxes and some physical quantities, which turn out to be useful
for chemical analysis. We studied double proton transfer in formic acid dimer as a general
example. This dynamics consists of two major processes: The first one is dimerization
of two isolated formic acid monomers (FAMs) to FAD, and the second process is the
transfer motions of two protons. In the first process, we showed how the electronic
probability density moves among O-H-O on the way generating from two FAMs to FAD
by using configuration interaction singles and doubles (CISD) method. In this process,
by calculating difference density between the FAD and the two FAMs, we showed that m
electrons delocalize over the O-C-O sites. Moreover, it was found that oxygen atoms not
bonding with hydrogen one undergoes a hybridization from sp? to sp® hybrid orbitals and

oxygen atoms bonding with hydrogen atom causes a hybridization from sp? to sp? hybrid
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orbitals. Thus, in the dimerization process alone, we expect that electronic probability
density flows clockwise among two oxygen and hydrogen atoms in a collective manner.
Such an electronic rearrangement in dimerization prepares the system into the stage of
easy proton transfer. In the second process, therefore, two protons in the FAD move
to each other from the old CH bonding sites to new CH bonding sites without much
difficulty and without further large electronic rearrangement. Indeed, we have observed

a slight current of electrons now in the direction of the proton movement.
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