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Quantum theory of concerted electronic and
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An elementary molecular process can be characterized by the flow of particles (i.e., electrons and nuclei) that
compose the system. The flow, in turn, is quantitatively described by the flux (ie., the time-sequence of maps
of the rate of flow of particles though specified surfaces of observation) or, in more detail, by the flux density.
The quantum theory of concerted electronic and nuclear fluxes (CENFs) associated with electronically
adiabatic intramolecular processes is presented. In particular, it is emphasized how the electronic continuity
equation can be employed to circumvent the failure of the Born—Oppenheimer approximation, which always
predicts a vanishing electronic flux density (EFD). It is also shown that all CENFs accompanying coherent
tunnelling between equivalent “reactant” and “product” configurations of isolated molecules are synchronous.
The theory is applied to three systems of increasing complexity. The first application is to vibrating, aligned
H." (224", or vibrating and dissociating H,*(Z4*, J = 0, M = 0). The EFD maps manifest a rich and surprising
structure in this simplest of systems; for example, they show that the EFD is not necessarily synchronous with
the nuclear flux density and can alternate in direction several times over the length of the molecule. The
second application is to coherent tunnelling isomerization in the model inorganic system B, in which all
CENFs are synchronous. The contributions of core and valence electrons to the EFD are separately computed
and it is found that core electrons flow with the nuclei, whereas the valence electrons flow obliquely to the
core electrons in distinctive patterns. The third application is to the Cope rearrangement of semibullvalene,
which also involves coherent tunnelling. An especially interesting discovery is that the so-called “pericyclic”

Received 9th July 2015, electrons do not behave in the manner typically portrayed by the traditional Lewis structures with appended

Accepted 16th September 2015 arrows. Indeed, it is found that only about 3 pericyclic electrons flow, in contrast to the 6 predicted by the
DOI: 10.1039/c5cp03982g Lewis picture. It is remarkable that the time scales of these three processes vary by 18 orders of magnitude:
femtoseconds (H2+(229+)); picoseconds (B,); kilosceconds (semibullvalene). It is emphasized that results

www.rsc.org/pccp presented herein are appearing in the literature for the first time.

The specific pathways of the particles constitute the mechanism
of the process. For processes taking place in the electronic ground

1 Introduction

An elementary molecular process (e.g., bimolecular collision)
consists essentially in the rearrangement of the fundamental
particles (i.e., nuclei and electrons) that compose the system.
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state, one typically employs the Born-Oppenheimer approxi-
mation (see Section 2) and monitors the time-development of
the probability densities of the particles p(q, ¢) (i.e., the rate of
change of the probability that the particles are observed in unit
(hyper-) volume about the prescribed configuration q). Though
o(q, ?) tells one where the particles are at a given time, it does not
indicate how they get there. More detailed information on the
pathways can, in principle, be furnished by the flows of electrons
and nuclei that attend the process. The most detailed quantitative
description of the flow is provided by time sequences of three-
dimensional (vector) maps of the particle flux density, j(x, ¢) (ie.,
the instantaneous rate of flow of particles (electrons or nuclei)
per unit area at points of observation x at time ¢). A less detailed
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description is given by the flux (i.e., the rate of flow of particles
through a specified surface of observation).

We focus in this perspective on state-of-the-art theory and
calculations of concerted flows of electrons and nuclei that
accompany intramolecular processes (such as vibration, dis-
sociation and isomerization) occurring in the electronic ground
state (i.e., at such low energy that the coupling to electronic
excited states is negligible) of the isolated molecule. On one
hand, this field of research is relatively new, in that the first
highly accurate quantum-mechanical calculations of electronic
and nuclear fluxes were reported only in 2009 for the simplest
molecular system, to which we refer subsequently as the
“prototype”: vibrating, aligned H,'(*Z,")." On the other hand,
the current effort has its roots in Schrodinger’s seminal paper
of 1926, in which he not only postulated his equation for the
time-evolution of the state of a system but also defined the flux
density.” However, since the duration of most molecular pro-
cesses is much shorter than that could be experimentally
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resolved in Schrodinger’s day, and indeed, for many decades
thereafter, the field lay dormant until recently.

It is intuitively obvious that the electrons and nuclei must
flow as the system rearranges from the reactant to the product
configuration during a chemical reaction. These fluxes are
generated spontaneously. However, detailed features of intra-
molecular fluxes remain unknown and many questions remain
unanswered. Do the nuclei and electrons flow synchronously,
or sequentially? As the original bonds of the reactant are
broken and new bonds of the product form, do the electrons
first flow out of the original bonds and then into the new ones,
or are these fluxes synchronous? Do all nuclei and all electrons
contribute to the fluxes, or only some of them? Do electrons
and nuclei flow essentially in the same direction, or in oblique
directions? What are the time scales of the fluxes? This perspective
provides answers to all of these questions, with exemplary
applications to model systems from physical (Section 3), inorganic
(Section 4) and organic (Section 5) chemistry.

Fluxes are interesting and important because they provide
information that complements that given by electronic and
nuclear probability densities, which can be monitored by time-
resolved spectroscopy or scattering. The complementarity of the
information given by probability densities and fluxes, or flux
densities, can be understood through a simple textbook example.
Consider a free particle with mass m described by the wave
function y(x, ¢) = Nexp(ikx — iEt/hi), where k is the wave number
and E is the energy. The corresponding momentum and velocity
are p = ik and v = p/m. The probability density that the particle is
observed at point x at time ¢ is p(x, ) = |(x, {)|> = N*, whereas the
flux (or flux density) observed at point x at time ¢ is j(x, ) = vp(x, £) =
VN?. The probability density is evidently the same for all particles,
irrespective of their velocity, whereas the flux density depends on
the velocity of the particle. Hence, the flux density discriminates
among particles with different velocities, all of which have the
same probability density. This simple example shows that a
complete description of the evolving system requires knowledge
of the flux densities, in addition to the probability densities.
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The present, renewed interest in intramolecular fluxes, or
flux densities, has been spurred indirectly by relatively recent
experimental progress in the measurement of such dynamic
properties as nuclear fluxes in chemical reactions in crossed
molecular beams.>* Although these measurements provide valu-
able information on the mechanism of the reaction, expressed,
for example, in terms of cross sections or state-to-state reaction
probabilities, they tell one nothing about intramolecular fluxes
generated during the reaction. Another indirect stimulus of the
present interest in intramolecular fluxes is the measurement of
circular electronic fluxes induced by weak magnetic fields in
molecules such as benzene.”” However, even the strongest
available magnetic fields (say 10 Tesla) can induce only extre-
mely weak electronic fluxes, say of the order of one hundredth
of an electron per period of one cycle. In contrast, the sponta-
neous fluxes that accompany intramolecular processes of inter-
est here (see Sections 3-5) are one to two orders of magnitude
greater, corresponding to transfers of one or more electrons
during the process.
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Experimental techniques for monitoring intramolecular
fluxes directly are just emerging. Analysis of data from pump-
probe spectroscopy has yielded the first nuclear fluxes only
recently.® This fact serves to emphasize how timely a perspec-
tive on this topic is. Until recently it has received essentially no
attention. Diverse systems remain to be investigated, with the
possibility of new and surprising discoveries that may provide
deeper insights into the mechanisms of fundamental molecular
processes. For example, ref. 8 reports on four new quantum
effects, one of which is dubbed the “quantum accordion effect”
(which, in essence, refers to multiple alternations in direction of
the quantum nuclear flux at a fixed time). This effect can also be
observed in the concerted electronic and nuclear fluxes (CENFs)
associated with vibration and dissociation in the prototype (see
Section 3). Applications of the theory presented in Sections 3-5
reveal many additional, fascinating phenomena.

Theoretical studies related to those of primary concern in
this perspective deal with, for example, purely nuclear fluxes
during chemical reactions®>? or purely electronic fluxes during
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adiabatic and diabatic processes (e.g., electronic ring
currents in degenerate electronic excited states®*>* or electro-
nic fluxes during diabatic reactions;**® see also ref. 39-41).
The theoretical descriptions of purely electronic fluxes asso-
ciated with these latter processes typically assume either that
the nuclei are fixed**>>*° or that classical mechanics can be
used to describe nuclear motions.**® In contrast, ref. 1, which
presents for the first time highly accurate simulations of CENFs
for the prototype, handles the coupled electronic-nuclear motion
completely by quantum mechanics. Subsequently, we have
extended the quantum theory and its applications to more
demanding systems, as well as to new phenomena of interest in
physical, inorganic and organic chemistry, which focus on the
relative magnitudes, directions, and synchronicities of CENFs.**>*
In addition we have studied interference effects in processes
involving non-degenerate electronic states®>>* as well as transition
current densities.>>°

This perspective is organized as follows. In Section 2 we
develop the basic theory (see also Appendix A). Sections 3-5 are
given to applications to the prototype, as well as to vibrating
and dissociating H,'(*Z,", ] = 0, M = 0) (which can be regarded
as a “quantum bubble”), to isomerization of B,, and to the Cope
rearrangement of semibullvalene (SBV) by coherent tunnelling.
We note that as the complexity of these systems increases, the
numbers of electrons and nuclei increase accordingly: N, = 1,
N, =2 for H,"; N. = 20, N,, = 4 for By; N = 56, N, = 16 for SBV. It is
also noteworthy that the durations of these processes range from
femtoseconds (H,") over picoseconds (B,) to kiloseconds (SBV).
By the way, we emphasize that all of the results shown in this
perspective are new, even though some of them are closely
related to previously reported ones.

2 Theory

In this section we develop the fundamental quantum theory behind
CENFs in a comprehensive, self-contained manner. The presentation
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combines material that has appeared previously"**™>* with
important unpublished extensions. Sections 2.1-2.2 describe the
system in detail and establish the notation and terminology. In
Section 2.3 we introduce Hirschfelder’s mobile coordinates,” >°
or analogous mobile-type coordinates, which are particularly
advantageous because the corresponding nuclear kinetic energy
is diagonal. Section 2.4 discusses the reduction of the number of
coordinates in order to define one-dimensional models involving
only a single one of the mobile-type coordinates. In Sections 2.5
and 2.6 we define population densities and flux densities. We
also describe how the continuity equations that relate them can
be reduced from three dimensions to one. Section 2.7 relates
the flux densities in the nuclear center of mass (NCM) and
internal-coordinate frames. Section 2.8 focuses on an impor-
tant special scenario, namely CENFs during coherent tunnel-
ling. We emphasize that all of the results of Sections 2.1-2.8 are
general, depending on no special approximations, in particular
the Born-Oppenheimer approximation (BOA). Finally, in
Section 2.9 we summarize the BOA, pointing out its virtues
for standard applications, but emphasizing a major fault that is
critical for our present purpose: the BOA always yields a
vanishing electronic flux density. We close Section 2 with a
presentation of two fixes of this defect: (1) use of the reduced
electronic continuity equation (as described in Section 2.6);
(2) the coupled-channels technique.*®™*%%!

2.1 Description of the system and Hamiltonians

In the laboratory coordinate representation the complete
Hamiltonian of a system comprising N, electrons and N,, nuclei
is expressed in the non-relativistic approximation as

Hy=—

72 Ne 5 Nn 72 5
2N V(r,R 1
T 22V L VR ()

i=1

where r and R denote collections of electronic and nuclear
Cartesian coordinates and m. and M, stand for the electronic
and nuclear masses. The Coulomb potential energy can be
written in detail as

V=Veet Vent Vin (2)
where

62 Ne  Ne 1

8meo ' 7

* |ff —r/|

Ne N,
6‘2 e n Za

Ven = -
en 1 ‘ri*Ra|

471:8() =7 =

B 2 Mo 2.7
"~ 8meg R, —Ry|

nn
a=1 b+#a

e is the magnitude of the charge on the electron, Z, is the atomic
number of nucleus a, and ¢, is the permittivity of vacuum. The
spins of particles are ignored, except insofar as they determine
the permutation symmetry of the wave function.
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We transform the Hamiltonian to the total center-of-mass
(COM) coordinate system, defined according to

Ne Nyp
S_— {m St 3wk, ()
i=1 a=1
q; =1, —S (4b)
NI]
0. :Z Z sz;a}'Rayv o=1,2,...,3N, =3 (4C)
a=1 y=xy,z
where
Nn
SzzwniI |:ZMaRa (5)
a=1
and
M = N.m. + M, (6a)
Nn
M, = Z M, (6b)
a=1

Here St stands for the COM of the entire system and S for the
NCM. The coordinates of the electrons with respect to the NCM
are given by eqn (4b) and the internal nuclear coordinates Q,
by eqn (4c), where W,,,, are real constants. The R,, stand for
Cartesian components of the laboratory coordinates of the
nuclei: Ry, = Xq; Ryy = Y5 Ryz = Zi5 Ryx = Xo5. . Ry, = Zn . The
summation on y in eqn (4c) runs over the Cartesian compo-
nents. We note that the internal coordinates are not unique and
may be chosen for convenience. For example, in the case of the
diatomic molecule AB, for which N, = 2, one typically takes
the internal nuclear coordinates to be: Q; = Ry — Rpy = X, — Xp;
Q> =Ry — Ry =Y, — Yp; Q3 = Rz — Rp; = Z, — Zp. We also
designate the vector distance from nucleus b to nucleus a by
R = Q.ex + Qz€, + Qz€;, where e denotes the Cartesian unit vector.
A tedious calculation yields

12 5 12 Ne X 72 Ne  Ne
HT = 7mvs-l— *Tﬂe;v% 72Mn;;qu‘vq/

3Nn—33Nn—-3 2 2

7 0
- + V(q7 Q)7 (7)
= 2,500.00p
B
i 5
- - H
ZMVST +

where H is the “internal” Hamiltonian, the reduced masses are
given by

He = meMn/(me + Mn) (83.)
N,
-1 _ aay Biay
Ry = ; ZiMa (8b)

and q and Q stand for collections of coordinates.

2.2 Wave functions

Since the total COM contribution to Hr separates from the
remainder (see eqn (7)), the entire wavefunction is factorable as

This journal is © the Owner Societies 2015
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Y’T(STi q, Q; t) = é(ST; t) 'P(qv Q, t) (9)
The “external” COM factor ¢ obeys the Schrédinger equation
. aé(ST> t) hz o
lhT = _WVSTZC(ST7 t) (103)

and the “internal” factor ¥ satisfies

0%(q,Q, 1)

17
! ot

=HY(q,Q,1) (10b)

The internal Hamiltonian can be written

H=H,+T, (11)
where
hz Ne ) hz Ne Ne
Hy=——Y"V,>— 3> VeV +V(q,Q) (12a)
e 2Mn i

3Nn—3 3N, -3 h2 82
Th =— — 12b
2 ; 211, 00,00, (12)

The eigenfunctions of the internal Hamiltonian satisfy the
eigenvalue equation

Hry(q, Q) = Exn(q, Q) (13)

where n, which generally stands for a set of quantum numbers,
specifies the eigenstate. The eigenfunctions comprise a com-
plete, orthonormal set, i.e.,

J'qude,,(q, Q)Y (0. Q) = Sy (12)

(We remark that the spectrum includes continua and therefore
the Kronecker delta is replaced by the Dirac delta where
necessary.) The eigenfunctions can be taken to be real, but
we note that in case of degenerate excited states they can as well
be taken to be complex. Any well behaved function f(q, Q) in
the internal 3(N. + N, — 1)-dimensional coordinate space can
be expressed as a linear combination of the {i,}. Hence, if the
system is prepared in the state ¥(q, Q, 0) at the initial time
(¢ = 0), the wave function at time ¢ can be represented in the
basis of eigenfunctions of H by

Y(q, Q1) =Y coexp(—iEnt/M),(q,Q)  (15)
where the constant coefficients are
. = [daf4Qy, (0.0)7(0.Q.0) (16)

That ¥ given by eqn (15) solves the internal Schrodinger
equation can be seen by its direct substitution into eqn (10b).
We emphasize that, in general, ¥ is complex.

The electronically adiabatic processes with which we are
concerned proceed without electronic excitations. In practice, this
means that the summation in eqn (15) includes only eigenstates
with sufficiently low energies E,. For example, in the case of
vibrating aligned H," (see Section 3.1), the summation is
restricted to eigenstates having energies below the dissociation
threshold. For dissociating aligned H,", the summation includes
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only eigenfunctions that do not change sign as a function of q
for fixed Q, although they do so as a function of Q for fixed q. In
the cases of coherent tunnelling in B, and SBV (see Sections 4
and 5) the summations are restricted to just the two states that
comprise the lowest tunnelling doublet.

2.3 Diagonalization of the kinetic energy

We employ internal nuclear coordinates Q, in terms of which
the expression for the nuclear kinetic energy is diagonal (i.e., all
cross terms o # [ are absent from the expressions in eqn (7),
(8b) and (12b)). Accordingly, we can rewrite eqn (12b) as

3Nn—3 o

T, =— —
— 24,00,*

(17)

Nn
where 1, ™' = 1,7 = 3 3" Way? / M. A useful example of such

a=1 7y

coordinates are the so-called “mobile” coordinates introduced by
Hirschfelder,>”>° which include the three NCM coordinates as the
subset {S,, 7 = x, y, 2} as well as the 3N,, — 3 internal coordinates
Q,- Alternative examples are found in the application of “mobile-
type” nuclear coordinates in Sections 4 and 5. To simplify the
terminology, we henceforward refer to all sets of nuclear coordi-
nates that diagonalize the nuclear kinetic energy as “mobile-type”.
They can be expressed compactly by the matrix equation

Q=WR (18)

where the 3N,-dimensional column matrix Q comprises the Q,
coordinates plus the NCM coordinates, the 3N, x 3N, matrix W
consists of the matrix W supplemented by an additional three
rows at the bottom, and the 3N,-dimensional column matrix R
consists of the Cartesian coordinates of the nuclei. Specifically,
the elements of Q, W and R are: 0, = Q, for 1 < o < 3N, — 3;
Q~3Nn—2 =Sy Q~3Nn—1 =Sy and éan = 855 Wasay = Wayey for 1 < <
3Nn - 3; W%Nn—z;ay = (Ma/Mn)ayx; W%Nn—l;m,- = (Ma/Mn)(Syy;
WSNn;a",' = (Ma/Mn)éyz; (R)l = Ry = Xy, (R)z =Ry = Yy, (R)s =
Ryi; = Z1, (R)s = Rpx = X,. . ., (R)3n, = Ry ; = Zy . The transforma-
tion (eqn (18)) is generally defined so that det W = 1.
By the chain rule for differentiation we have

3Nn

0/8Ra-y = Z Wx;aya/agrx (19)
a=1

Multiplying eqn (19) by —ifi, we recognize that the momenta
conjugate to the Cartesian laboratory coordinates (P,, = —i/i0/0R,,)
are related to their mobile-type counterparts (P, = —lh@/@Qa) by
the matrix equation

P=W'P (20)
where the superscript T denotes the transpose. Insertion of
eqn (19) into the expression for the kinetic energy in laboratory

coordinates yields the sum of the internal nuclear kinetic
energy and the NCM kinetic energy

N 2 2 3N 3 12 2 2 2
B®oo ? o9 h 9
KE=- 222/\4 ORy? ; 2,00, 2M, 4~ 35,

(21)
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where u, denotes the reduced mass associated with the o th
mobile-type coordinate. In the instance of the diatomic AB,
N, =2, the (internal) mobile-type coordinates are Q; = X, — Xj,
Q,=Y,— Y and Q; = Z, — Z;, and the reduced mass is u; = u, =
Us = Ugp = MaMh/Mn. The general expression in eqn (21)
reduces to

?g
KE =
2:uab 2:: aQo’.

Z 557 (22)
where the first term refers to the (internal) kinetic energy of A
relative to B and the second term to that of the NCM. For
polyatomic molecules consisting of three or more nuclei the
mobile-type (or Jacobi) coordinates may be constructed succes-
sively as distances between COMs of subgroups of nuclei. We
consider the triatomic molecule ABC, for example. We suppose
that nuclei A and B constitute two subgroups and take the first
set of mobile-type coordinates to be Q; = Ry — Rpy, Q2 = R
Ryy, Q3 = Ry; — Ry, (the Cartesian components of the vector
distance between A and B, ie., the distance between the COMs
of the subgroups). The associated reduced masses are p; = y, =
Uz = M Mp/(M, + M}). To get the other mobile-type coordinates
we form two subgroups: one comprising A and B and the other
consisting of just C. The second set of mobile-type coordinates
is then Q4 = (MyRax + MpRp,)/(M, + Mp) — R, etc., and the
reduced masses are 4 = ps = U = M (M, + M;)/M,. This
procedure is readily extended to larger polyatomic systems
(see Sections 4, 5, and Appendix B). It can be shown that y;
for the jth mobile-type coordinate is just the reduced mass of
the subgroups of nuclei connected by j.*"~>°

Subsequently we employ the following more-or-less stan-
dard approximations:

(i) The COM is replaced by the NCM. As a consequence, M,
Srand Vs _in eqn (7), (9) and (10a) are replaced by M,, S and
Vs, respectively;

(ii) the so-called mass-polarization contribution to the elec-
tronic kinetic energy (third term in eqn (7) and second term in
eqn (12a)) is neglected;

(iii) the reduced mass of the electron . is replaced by
the electron mass m. in eqn (7), (8a) and (12a). Now with
these approximations and a choice of nuclear coordinates
that produces a diagonal kinetic energy, the original internal
Hamiltonian (see eqn (12)) becomes

H=H.+T, (23)
where
h2 Ne
He= =Vl V0. Q) (243)
3Nn—3 42 2
= 0
Th=— — (24b)
; 241,00,

For notational simplicity, we use the same symbols H, H., and
T, as for the exact quantities.
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2.4 One-dimensional models

We occasionally employ models in which the number of
nuclear degrees of freedom is reduced to a single special one.
For example, in the case of the diatomic AB, the normal three-
3o 0
a=1 2:“& 8Qa2.
If we assume AB to be aligned or oriented parallel to the z-axis
(as can be accomplished by methods for alignment®®® or
orientation®®® of molecules), for example, then nuclear
motion in the x- and y-directions is suppressed (i.e., we set
Q1=X,— Xp=0and Q, =Y, — Y, =0). That is, the dimensionality
of the nuclear motion is reduced from three (3D) to one (1D).
As a consequence the Kkinetic-energy operator becomes
®oo .

T, = _2_LL33Q32 (see Section 3.1).

In general, we define a 1D model by fixing all internal nuclear
coordinates, save a special one, say Q,, and the NCM{S = S, = S, = 0}.
The inversion of eqn (18) then gives

dimensional nuclear kinetic-energy operator is T, = —

Ra;r = [Wil]ay;aOM (2‘5)

which provides a map of the movements of the special internal
nuclear coordinate onto those of the Cartesian components of
the nuclei in the NCM frame. Eqn (24) becomes

hz Ne )
He=—5 ; Vo' +V(0,0.) (262)
oo
T, =— 20907 (26b)

and the wave function satisfies the Schrodinger equation
iho¥(q, Qu )/t = (He + Tn)¥(q, Qu t) (27)

The applications of the 1D model to the prototype, B,, and
semibullvalene in Sections 3-5 provide illustrations.

2.5 Population densities and flux densities

The generic classical expressions for the particle population
density and particle population flux density are, respectively

p(x,1) = Zé[x —r:(1)] (28a)

j(x, 1) = Zé[x —r:(0)]E (1) (28b)

where r; and f; are the position and velocity of particle i,
respectively, and x is the point of observation. The quantum
formulas are given by expectation values of the corresponding
operators. However, we normally wish to compute these
quantities with respect to “internal” reference points, instead
of the laboratory origin. In particular, the NCM serves as the
most common reference. (We note that the role of translat-
ion of the NCM in the laboratory frame has been previously
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investigated.®””®) Thus, the electronic population density
(EPD) is

Ne
{penen(.0) = (O] o~ a) ¥ (1)
Ne Ne
= Y [eo]] [auv@eni, e
i=1

= T

Ne
= NeJdQ H quj|¥’(q7 Qv [)|(2h:x
Jj#1
where q; is the distance of the ith electron from the NCM and
x is the distance of the point of observation from the NCM. The
third line of eqn (29a) invokes the equivalence (indistinguish-
ability) of the electrons. Likewise the electronic flux density

(EFD) can be shown to be*’
‘P(t)> }
/]

<je4,NCM(X7 ’)> = Re{<lp(f)
Ne
— N, —JdQ 11 qu, [V, ¥ = PV, V7],
J#1

Ne
Z o(x —q;)q;
i=1

“2ime

(29b)
(see also Appendix A). Here the notation [ [dq should be under-
stood as [[]dq, and the product 5(x — ¢)¢ should be interpreted
as a symmetrized Hermitian term [d(x — q)p + pd(x — q)]/2me.
The probability density and flux density for a particular

nucleus a in the NCM frame are given respectively by
(Panom(X, 8)) = (P(O)|9[x — (R, — S)]|¥(9)  (30a)

(Janem(x, 1)) = Re{(P()]0[x — (R, — S)](R, — S)|P(1))}
(30b)

2.6 Continuity equations in three and one dimensions
The EPD and EFD satisfy the three-dimensional (3D) continuity
equation (CE)"*

a([)e’NCM(X, t)>/at + Vx‘<je,NCM(x, t)> =0 (313)
which can be written explicitly in Cartesian coordinates as

o(p(x, 1))/0t + d(jx(x, £))/0x + B(jy(x, )}/Qy + O(Jx(x, £))/0z = 0
(31b)

where we temporarily drop the subscript “‘e,NCM” to lessen the
notational burden. The 3D CE is a direct consequence of
the Schrodinger equation (eqn (10) or (A.2) of Appendix A).
The z-component of the EFD, for example, is given by

(o, 1)) = Newr JdQﬁJd v Dy Oy
J=\X, 1)) = 2im, P q Oq1- g1

q=x
(32)

It is unfortunate that one cannot, in general, solve eqn (31b) to

obtain formulas for the components of the EFD in terms of the

EPD. Nevertheless, useful expressions for the electronic prob-
ability flux can be derived. For example, integrating eqn (31b)
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over the infinite plane normal to the z-axis yields

JOC ‘dxro dyo{p(x,1))/0t = — h dx h dyo(j(x,1))/0x

—00 —00 —00

o0 00

dyd(jy(x,1)) /0y

—00 —

00 00

dya(jz(xv t))/az
(33)

—00 —o0

The first two terms on the right side of eqn (33) vanish.
Consider the first term, for which the integration on x can be
done in closed form to give

rc dxro dyd(j(x,1))/0x

—00 —0o0

g 9
= D&~ U] = 0

The second line is a consequence of the localization of the
EFD in space (or, equivalently, of the property that the wave
function is square integrable). Hence, eqn (31b) reduces to
the 1D CE

silwaz0) = [ ax” watpnor

—00

o0

o] wavxye: 69
= - %Ulnz(z 1)

In eqn (35) (p1p,.(2, t)) is the population (probability) density of
electrons in the range dz about z, regardless of their position in
the plane normal to the z-axis and (jip,(z, ¢)) is the flux of
electrons in the range dz about z. (The subscripts on (p;p ,(z, t))
and (Jip.(z, t)) are intended to distinguish these 1D quantities
from the 3D ones, (p(x, t)) and (j,(x, t)), respectively.) Integra-
tion of eqn (35) gives

<je‘NCM;1D‘z(Zv Z)> = 7%[27 “dzl<pe1NCM;lD,:(Zlv [)> (36)

where we again invoke the localization of the EFD in space and
append the subscript “‘e,NCM” to remind one that the formula
pertains to the EFD in the NCM frame. Eqn (36) tells us that the
flux of electrons parallel with the z-axis at the plane of observa-
tion (z) is equal to the rate of loss of electrons from the
region —c0 < 2z’ < z (see ref. 1). Analogous expressions for
nuclear fluxes associated with a 1D reaction coordinate have
been derived and applied previously.'*"?

In Section 3.2 we consider vibrating and dissociating H," in
the state *Z,'(J = M = 0). To handle this system, we start from
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the electronic continuity equation in spherical coordinates’”

M -+ Lo (’"2<jer(r7 ‘97 ?, t)))

ot 20r
+ ¥£(sin HJes(r, 9, 0, 1)) (37)
rsin 303
1 0

;ggﬁjgg;5(<fém(rv97¢%f)>) =0

where we again momentarily drop the subscript “NCM” for
economy of notation. For this special state, the EPD is isotropic
(ie., pe(r, 9, @, £) = pe(r, t)) and, as a consequence, so is the EFD.>>
Therefore, the angular components of the EFD vanish and the
continuity equation reduces to the radial CE

W * %(rzwer(r, 7)) =0 (38)

Eqn (38) can be solved for the radial component of the EFD:
. I of
<]e,NCM:lD.r("7 l)> = —E[" 2Ld", "'2<Pe,NCM(”/7 l)> (39)

The vanishing of (je nem;1p,{(7, £)) in the limit 7 — 0 is implicit in
this formula. Eqn (39) is the analogue of eqn (36). An analogous
expression obtains for the radial component of the nuclear
flux density in terms of the isotropic nuclear probability
density (NPD):

8 R
(JaNemip, (R, 1)) = o {RJL dR'R*(p,nem(R, 1)) | (40)

For the applications of the theory to isomerization of B, and
SBV in Sections 4 and 5 we employ cylindrical coordinates (r, ¢, 2),
where r now signifies the distance from the z-axis. The electronic
continuity equation is then”

a<pe(r7 Z7 Q07 t)> 10(r<j01‘("727 (p7 [)>) + 16<je‘/’(r7z7 (P, t)>
ot r ar r dop

(41)
Ojez(r, 2,0, 1))

0z =0

+
Operating upon eqn (41) with [*_dz[drr... yields

9 . o *® 00 .
%<,}e,NCM;lDa‘P(¢vZ)> = %J dzj() dr<.]51/7 (V, ?,z, t)>

—0o0

_ %J:dzfdw<pe<r,¢,z, 0 (42)

- %<%.NCM:1D-¢((’)’Z)>

which is analogous to eqn (38). Integrating eqn (42) with
respect to ¢ gives the 1D angular CE

(JeNeMi1D,o (@:1)) = {JeNemiip.o (@0:1))

a(? ’ ’
= 75[ dQD <pe<NCM:1D1¢((/) 7Z)> (43)

Po

0
= 75<Pe,NCM;1D(90’ Po t)>
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where (P. nemiip(@; 9o, t)) signifies the probability of observing
an electron (or, equivalently, the population of electrons) in the
cylindrical sector bounded by half-planes at ¢ and ¢, (the planes
are separated by Ap = ¢ — ¢,). Eqn (43) shows that the 1D angular
flux depends not only on the rate of change of the population in
the sector but also on the angular flux through the reference plane
at ¢,. In the applications to B, and SBV in Sections 4 and 5, we
invoke molecular symmetry to find a reference plane on which
(JeneMs1D, (P05 1)) = 0204

The 1D models described in Section 2.4 obey the following
continuity equations for the electrons and for the special
internal nuclear coordinate Q, (see Appendix A):

3(penemX, D)/t + Vi (jenom(X, 0)) =0 (442)
0(ps(Q, )10t + 8(J(Q, 1))/0Q = 0 (44b)

In eqn (44) {pe,nem(X, £)) and (jenem(x, £)) are given by eqn (29),
with Q replaced by Q,; the corresponding quantities for the
special internal mode are

(0.(0.0) = [da¥ @00 p (a3
0
h(Q.1) = 57— [da| (0. 020110 ¥(a. 0.1
’ 5 (45Db)
R T
From eqn (44b) we deduce the analogue of eqn (43):
o2
G00) - (@) = - o [ 4000
Qo
(46)
0
= - E<P0(Q7 Q07 t))

We note that the parameter Q means the particular value of the
special coordinate Q, at which the observation of the relevant
quantity is made. In practice, we choose the reference Q, such
that (jac(QOy t)> =0.

In the applications of Sections 4 and 5 the total EPD
(penem(X, ?)) is decomposed into contributions from core
and valence electrons. Since these are additive, the related
fluxes of core and valence electrons are also additive. The
individual contributions obey continuity equations analogous
to eqn (44).

The units of the various probability densities and flux
densities that have been thus far introduced are listed in
Table 1. We note that in the limit that the generalized CE is
reduced to one dimension, the resulting flux densities () are
equivalent to fluxes (F) and both have dimensions of
reciprocal time.

2.7 Relation between nuclear flux densities in the NCM and
internal coordinate frames

We often desire to examine the flux densities associated with
the Cartesian coordinates of individual nuclei in the NCM
frame. Thus, we seek to express the latter in terms of the flux
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Table 1 S| and atomic units for probability densities, flux densities and
fluxes

Property Eqn number Dimension  SI Atomic units

P (28a) and (58) 3D m? a, ?

ij (28b) 3D m;z st ay > Elhh*”
— 3D s” Enli™

P1p,z (35) 1D m’ a '

Jip,z (35) 1D st Epfit

Fip, — 1D st Enfit

Pip,p (42) 1D rad ' rad ’

Jipe (42) and (63) 1D st Enfit

Fipp — 1D st Enfit

p (A.3) and (55) 3ND¢ m 3N ap N

i (A.73) 3ND m N gt g VMR Tt

Ja (A.7b) 3ND m>Nt st g N E AT

F — 3ND st Epfhit

¢ Ey, stands for twice the (absolute value of the) energy of electronic
« ) b

ground state of the hydrogen atom (“hartree”).” F stands for the

flux, which is generally expressed as a surface integral, F = [(dSn-j.

The dimension of the surface is one less than the dimension of space.

¢ N=3(N.+N,) or N = 3(N, + N, — 1) with or without, respectively, the

coordinates of the NCM.

densities associated with the special internal nuclear coordi-
nate, which is more conveniently computed using eqn (46).
For the sake of convenience we take the NCM to be at the origin
of the laboratory frame (i.e., we set Sy = S, = S, = 0).

We begin with the classical formula for flux density associated
with the y Cartesian component of nucleus a

Jay = O(R = Ray)Ray (47)

where R, a parameter in the 1D space of the Cartesian compo-
nent R,,, signifies the point at which the flux is observed, R,, =
R. The corresponding quantum flux density is

(Jur (R, 1)) = Re{(P(1)|5(R = Ray) Ry | ¥ (1)) }

h

. oY qjaw
2iM,

ORs R4
(48)

where we consider the 1D model with the special coordinate Q,. The
second line of eqn (48) relies on the relation M,R,, = —il0/0R,,.
According to eqn (18) and (19), we have

quJané(R — Ray) {‘P

Ray = [W ' ]0y0Qu (49a)
0 . 0
or, ~ ™ e, (190)
Substitution of these expressions into eqn (48) gives
. h S
UinRo0) = 5 |dafa.[R = (W), 0,
* X oY q, Q X
{r@o.nw,, e )
o

B lP(q7 Qu, t) [WT] u}':xw}

90,

Using the property of the Dirac distribution that d(ax) =
|a|"5(x), we rewrite eqn (50) as
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(Juy (R 1)) =

e quJdQ, [ W), ., [Qa ~Rr/ (W’l)a»,;a]

{ a, xaQ '{/[W ](r,‘;ana}

oW, J dq['{’* ov v

~2iM, [Wﬁl}a}‘:a 00, Wa—Qa] Q,(:R/[W’l]m_ﬂ
, Ws o
= 1[[‘2(1 [~ _1} <]a(R/[W }a,,wl)>

(51a)

where the third line depends on eqn (45b). Setting R = R, and
using eqn (49a), we get

<]m' (R“"'” t)> N M, [W_l]av;d

(jo(Qus 1)) (51b)

Thus, the fluxes of the individual nuclei a along Cartesian
coordinates R,, are proportional to the fluxes associated with
the internal nuclear coordinate «. In Section 4, we show how to
determine the factors of proportionality without a knowledge of
W' (see also Appendices C and D).

2.8 Concerted electronic and nuclear fluxes during coherent
tunnelling

Coherent tunnelling can be generally described by a wave
function that consists of a coherent superposition of just the
two lowest eigenstates 1, and y; of H (see eqn (13)). These form
the tunnelling doublet with a splitting of energy levels of

AE =E, — E, (52a)
and a related tunneling time
T = h/AE (52b)
and tunneling rate

k=1/t (52¢)

Following the treatment by Hund”® of coherent nuclear tunnel-
ling during isomerization reactions, we define reactant (R) and
product (P) states by

Vr(q, Q)

l//P(qi Q) = 7Nl//0(q7 Q) + Nl//l(q’ Q)

1/V2. The wave
functions at time ¢ corresponding to the initial R and P states
are given, respectively, by

wR(qy Q) t)

= Mjo(q, Q) + Nif4(q, Q) (53a)

(53b)

where the normalization constant is N =

= Nro(q, Q)exp(—iEot/h) + Ni1(q, Q)exp(—iEt/h)
(54a)
lpP(q) Q! t) = _N‘//O(CL

Q)exp(—iEot/h) + Niy1(q, Q)exp(—iE;t/h)

(54b)
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The corresponding 3N = 3(N, + N,, — 1)-dimensional probability
densities are

pR(q) Qr t) = |WR(q’ Q! t)|2 = pR(q! Q) + Ap(qr Q)SinZ(TEt/‘L')
(55a)
pP(q’ Q’ t) = Il//P(q9 Q’ t)lz = pP(q, Q) - Ap(q, Q)Sil’lz(ﬂ:t/‘[)
(55b)
where
rx(@, Q) = [Y=(q, Q)I* (56a)
pP(qv Q) = |lpP(qv Q)'Z (56b)
and
Ap(q, Q) = pP(q) Q) - pR(q’ Q) (56C)

is the difference between product and reactant probability
densities. These expressions are entirely analogous to those
derived for coherent nuclear tunnelling.'®"® The corresponding
3D EPD difference is given by

Ne
(8penen(®)) = Ve[dQ] ] [dadp@Qlar (73
J#1
and the 3(N, — 1)D NPD difference by

(Ap,(Q)) = quAp(q, Q) (57b)

Likewise the 3D EPDs evolve as

(Apencm(X))sin®(nt/7)
(58a)

(Penem(X, D))R = (Pe,nem(X))r +

- <Ape,NCM(X)>Sin2(TEt/‘C)
(58b)

(pe,nem(Xy O)p = {Penem(X))p

and the NPDs as
(Pn(Q, O)r = (Pn(Q))r + (Apn(Q))sin’(nt/r)  (59a)
(Pn(Q, O)p = (Pn(Q))p — (Apn(Q))sin’(nt/c)  (59b)

It is evident that the expressions for the total probability
densities, as well as those for the electronic and nuclear
densities, have the same form: a superposition of the densities
of reactant (R) or product (P) and a sinusoidal time dependence.
Thus, as time increases from ¢ = 0 to ¢ = 7/2, half the tunneling
time, P increases as sin’(n¢/t) and R decreases as cos’(nt/t). At
time ¢ = 7/2 only product is present. Accordingly, negative and
positive values of the difference Ap(q, Q) = ps(q, Q) — pr(q, Q)
over the 3ND configuration space indicate the disappearance of
reactants and the appearance of products during tunneling
from R to P. This observation suggests that a reasonable
definition of the main direction of the flux is from the centers
of the negative domains of Ap(q, Q) to the centers of positive
ones. Analogous arguments hold for the main directions of the
electronic and nuclear fluxes (i.e., they flow from negative to
positive domains of (Apencm(x)) and (Ap,(Q)), respectively).
We anticipate that different patterns of the electronic
((Apencm(x))) and the nuclear ((Ap,(Q))) flux densities imply
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different main directions of the fluxes of the electrons and
the nuclei.

Concerning the main directions of the nuclear fluxes, we
suggest an approximation based on the rather large nuclear
masses (compared with the electron). The more massive the
nuclei, the more localized are their probability densities. In
the limit that the masses tend to infinity, the difference of
the NPDs of P and R can be approximated by the expression
O(R — Ryp) — O(R — Ry i), where R, p and R, are the classical
positions of nucleus a in the product and reactant. Hence the
main directions of the fluxes of the individual nuclei (with the
NCM fixed at the origin) are from their classical positions for R
to those for P. It is reasonable to define one of the nuclear
mobile-type coordinates, say Qy, to correspond to the Cartesian
component of the main directions of the fluxes, with the
corresponding first row of the transformation matrix W (see
eqn (18)). The nuclear flux associated with Q; then lies approxi-
mately along the nuclear main direction. Hence, for models in
reduced 1D dimensionality, the special coordinate Q; should
satisfy this criterion. Examples are presented in Sections 4 and 5
on coherent tunnelling in B, and SBV. In these examples, the
main directions of the fluxes are illustrated by arrows. Symmetric
molecules such as B, have symmetry-adapted sets of arrows for
the main directions. We remark that the small electron mass
implies delocalized electronic probability densities that do not
lend themselves to the sort of classical analysis of the main
directions for the nuclei. Instead, one has to compute the
(Apencm(X)), from which the main directions of electronic fluxes
are seen to be from the (symmetry-adapted) centers of the
negative domains to the positive ones.

In the applications of Sections 4 and 5, the total EPD is a
sum of core plus valence electron densities. The additivity of
the individual contributions implies the additivity of corres-
ponding fluxes of core and valence electrons, all of which
satisfy expressions analogous to eqn (58).

In the remainder of this section, we focus on this type of 1D
model, with the single nuclear coordinate Q; representing the
coordinate for the main directions of the (symmetry-adapted
set of) nuclear fluxes. Explicitly, the 1D NPD difference is

(Ap(Q)) = jqupm, 01)lo_0 (60)

and the corresponding NPDs are
(1(Q1, O)r = (P1(Q))w + (Ap1(Qq))sin’(nt/7)  (61a)
(p1(Q1, B)p = (p1(Q1))p — (Ap1(Qq))sin’(nt/7) (61b)

Expressions analogous to those in eqn (61) are derived for the
core electrons of B, in Section 4.

For the applications to B, and SVB in Sections 4 and 5 we
choose cylindrical coordinates and evaluate the angular valence
EFDs according to eqn (43) as

<je,NCM;1D,<P((P7 l)>R = <je4NCM;1D‘q)((P07 l)>R

62
B 6<Pe,NCM;1D((f)a Po» l)>R (62a)

ot
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<_/'e4,NCM:1D7w((/)7 t)>]) = <je.NCM;1D,q)((p07 Z)>p

2
_ 9(Penem:in (@, 9, 1))p (620)

ot

where (Pe nom;in(@; @os £))r and (Pe nom;in(@, @o, t))p stand for
the populations of valence electrons in the cylindrical sector
bounded by half planes at ¢, and ¢ that result from the initial
reactant and product states. We exploit the molecular
symmetry, which allows us to choose the reference angle ¢,
so that (Jencmiip,o(®or O)r = 0 OF (Jencmin,p(®oy O)p = 0.
Inserting the results for the corresponding reduced densities
into eqn (62), we obtain

<je,NCM:1D,(p ((/)7 t) >R

_ 7J(P dgo’J:errJoo A=A (r, o 2)) (x/7) sin(2rt 1)

o —00

(63a)

<je‘NCM;lD,<p ((/)7 t) >p

) 00 00 (63b)
:J dgo’JO drrJ dz(Ap.(r,¢',2))(r/7) sin(2nt/7)

[

The angular flux is thus a product of an angular factor times a
periodic function of the time, with period t. Likewise, from
eqn (46) and (61) we get

(@1 0w ——.[Z‘ 40 (8p,(Q1") ) (/) sin(2re/7) (642)

01
G0 = [ doy (A (01')) /o) sinamtfe) - (o)
10

where the reference value Qy is chosen such that (j;(Q10, t))r =0
or (j1(Q10, t))p = 0. The analogues of eqn (64) are derived in
Section 4 for the core electrons of B,. In summary, all of the
reduced electronic and nuclear fluxes associated with the special
internal nuclear coordinate Q, consist of a simple product of a
function of the coordinates and the same periodic temporal
factor. Analogous expressions hold for the reduced fluxes asso-
ciated with any other internal coordinate Q, (see Appendix A).
Thus, in the lowest tunnelling doublet the electronic and nuclear
fluxes are always synchronous.

We note that our definition of the main directions of the
nuclear fluxes is similar to that of Makri and Miller’s choice of the
tunnelling path as the “straight line that connects the initial and
final state in the shortest possible way”.”* In fact, in the limit of
very massive nuclei, the two definitions agree. Nevertheless,
we emphasize that the “main directions of the fluxes during
tunneling” and the “tunneling path” are different concepts and
serve different purposes. Thus, “tunneling paths” are often
defined as paths that allow efficient semiclassical evaluations of
tunnelling splittings, times and rates (see eqn (52)).”*”” For that
purpose, curvilinear tunnelling paths may be more appropriate
than straight ones.”>”® In contrast, the present “main direc-
tions” are properties of the fluxes. The applications below reveal
different main directions for nuclear and electronic fluxes.
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These differences confirm that one cannot necessarily identify
the main directions of the fluxes with the tunnelling path.

2.9 The triumphs and the defeat of the Born-Oppenheimer
approximation

The development of the theory is thus far based upon the
formally exact solution of the Schrodinger equation (eqn (10b)),
except where the customary approximations (i)-(iii) summarized
at the end of Section 2.3 are invoked. We emphasize that all the
results which are derived until this juncture (e.g., the synchroni-
city of electronic and nuclear fluxes during coherent tunnelling)
are rigorous analytical results. In particular, they do not depend
on the Born-Oppenheimer approximation (BOA).2*" We would
rather not refer to such results as ‘“non-Born-Oppenheimer”,
since this latter phrase assigns the BOA the role of a reference,
which it does not merit. Instead, we call them “without Born-
Oppenheimer” results. The dogma that synchronicity of the
CENFs during tunnelling is a consequence of the BOA® is simply
wrong. Nevertheless, in the treatment of electronically adiabatic
processes, it is common practice to invoke the BOA, in which the
internal wave function is taken to be a simple product

'P(qy Q1 t) = TBOA(qa Qv t) = ‘P(q, Q))C(Q? t) (65)

where @(q; Q) is an eigenfunction of the electronic Hamiltonian

H.%(q, Q) = E(Q)%(q; Q) (66a)
and (Q, t) satisfies the nuclear Schrodinger equation
0x(Q,
s L Y (s6b)

where V(Q) = E(Q) is the effective potential energy for nuclear
motion. For linear and nonlinear molecules, two or three of the
internal nuclear coordinates, say the last ones (Qsn -s), Qsn 4
Qsn, 3 describe rotations, or orientations. Though the potential
energy does not depend on these coordinates, we nevertheless keep
the general notation V(Q) to facilitate descriptions of molecules in
external fields, where V(Q) includes interactions with those fields.
The electronic eigenfunction &(q; Q) depends parametrically on the
internal nuclear coordinates Q. For non-degenerate electronic states,
in particular the electronic ground state, ¢(q; Q) is real. (We note
that for systems having degenerate electronic excited states, one can
prepare the system in a complex superposition of such states
and therefore compute a non-zero EFD.>*"%?)

The stationary nuclear energy states satisfy the eigenvalue
equation

[Tn + (Q)1AQ) = E1.(Q) (67)

whose solution yields the eigenfunctions y,(Q) and eigenenergies
E, labeled by nuclear quantum numbers ». The nuclear wavefunc-
tion can be expressed in terms of these nuclear eigenfunctions by

2Q. 1) = Z cyexp(—iEyt/h)y,(Q) (68)
where the constant coefficients are

¢ — [deu(Q)X(QO) (69)
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Eqn (68) and (69) are analogous to eqn (15) and (16). We note
that the nuclear wavefunction is generally complex.

Triumphs of the BOA. On one hand the BOA possesses
virtues that are documented in myriads of applications, many
of which are ensconced in the standard textbooks on quantum
chemistry. In many instances the BOA provides excellent approx-
imations to time-independent properties, which can be calculated
from the BOA energy eigenvalues E, (see eqn (67)) and the BOA
eigenfunctions &(q; Q)z.{Q) (€., the product of the electronic energy
eigenfunction and a nuclear eigenfunction, usually that for the
rotational-vibrational ground state y,(Q)). For example, in the BOA
the splitting of the lowest tunnelling doublet is AE = E; — Ey ~
AEgoa = E,~1 — E,—; the related tunnelling time in the BOA is tgoa =
h/AEgoa; the mean energy of the doublet is E = (E,; + E,)/2.

Furthermore, for many systems, the nuclear Schrodinger equa-
tion (eqn (66b)) yields excellent approximations to time-dependent
nuclear properties, which are expressed as expectation values of
the relevant nuclear observables with respect to ¥(Q, ¢). In parti-
cular, the probability density for observing the internal nuclear
coordinate Q, in the range dQ about the point Q is given by

<pa(Qa t)>BOA
~ [¢aT] [a0reta @)z (@.00(0 - Q)00 Q)2(Q.1)

p#u

=11 JdQﬂ

p#o

1Q 0Py
(70a)

and the corresponding flux density

(. Daon = [da]] deﬂ%@(q; Q)1 (Q.1)(8/00,)

p#o
x @(q: Q)2(Q, 1) — P(a; Q)1(Q. /9/9Q.)P(a: Q) (Q, )] g, o
_ 1 ao o 0?40 o 1927(Q.0)
2my;ldeﬁP (0750, ~1Q0756. ]

(70b)

Defeat of the BOA. On the other hand, the BOA fails if one
attempts to compute the EFD for the electronic ground state
using the BOA wave function (eqn (65)). Direct substitution of
Ys0a(q, Q, t) into eqn (29b) yields

<je,NCM (X’ t)>BOA

=0

q=x
(71)

The right member of eqn (71) vanishes because the electronic
ground-state energy eigenfunction @ = @, is real. A consequence
of eqn (71) is that the electronic continuity equation (eqn (31a))
becomes, in the BOA,

Ne
1@ 0P] jdq,, (@04, B0 — B4V, B

= NeLJdQ
2ime ST

a<pe,NCM(xy t))BOA/at =0 (72)
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where

<pc,NCM(X> l)>BOA JdQ‘/ Qa 2Hqu/[¢0 q, )}q] =X

j#1
(73)

Eqn (72) is obviously inconsistent with eqn (73) and, to state the
matter bluntly, indicates a massive defect in the BOA. In order
to bypass eqn (72) and yet exploit the vast infrastructure of
quantum chemistry and dynamics that is founded on the BOA,
we follow two pathways.

Beyond the BOA. On the first we simply postulate that eqn (31a),
which follows rigorously from the Schrodinger equation (see
Appendix A), continues to hold. Hence, we define a “beyond
BOA” (bBOA) flux density such that

9(pencm(X, £))poa/0t + Vi-(jencm(X, t))bpoa =0 (74)

By reducing this 3D continuity equation to one dimension we
can utilize such expressions as given by eqn (36), (39), (43), (62)
and (63) with the exact EPD p, replaced by its BOA counterpart,
which we know to be quite accurate. In this fashion we are able
to compute the reduced electronic fluxes beyond BOA, while
using the BOA results for the electronic densities.

The bBOA scheme yields CENFs in excellent agreement with
those produced by highly accurate simulations of the prototype.*
At present this simple system is the only one that allows
comparison of bBOA and numerically “exact” fluxes. Extended
comparisons are presented in Section 3.

Coupled-channels theory. The second pathway is rather
more general than the first, in that it aims for the 3D EFD
itself. It is based on the idea that the principal contribution to
the EFD is due to the quasi-static movement of electrons that are
associated with the nuclei. Here we follow a ‘“‘quasi-classical”
route® to the general expressions for the EFD. Thus, rather than
start from the strictly classical expression for the EFD (eqn (28b)),
we begin by supposing that effective EPDs can be assigned to
the nuclei and define a quasi-classical EFD in the laboratory
frame by

Zpa X; R(1))Ra(1) (75)

JeLXt

where R(¢) stands for the nuclear configuration and R,(¢) for the
velocity of nucleus a. The EPDs associated with the nuclei,
determined by the LCAO-MO method, are given by

pulR) = S ) (5 RO (x: R) (76)

where the summation on i runs over the occupied MOs, #; is the
number of electrons in the ith MO, and

= Z szl)lx (pg’) (x;R) (77a)
Iy
R)=> y(x;R) (77b)
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That is, @ is the component of the ith MO attributed to atomic
orbitals (pZ’) centered on nucleus a. We refer to the formula in
eqn (75) as ‘“‘quasi-classical” because the quantum dynamical
character of the electrons in the BOA is implicit in the EPDs.
Only the explicit classical dynamics of the nuclei remains. The
EFD, which entails the quantum nature of the nuclei, is then
given by the expectation value of the operator corresponding
to jer(x, t), which can be computed from the BOA nuclear
wave packet y(Q, t) alone. (Note that the meaning of the term
“quasi-classical” here differs from that of the same term used
in other contexts to mean “semi-classical”.)
In the case of the one-electron diatomic molecule AB, the
coupled-channels theory gives*®*®

(Jenem (%, 1)) e = JdQl[MbAa(X§Q1)/M

(78)
_MaAh(x;Ql)/Mn]<ja,h(Ql7t)>BOA
where
<ja,b(Ql ’ t)>BOA
7 (79)
21“/ [ (Qh )Vle(let)_X(QHZ)VQl}f*(Qh[H

is the flux density of nucleus a with respect to nucleus b, which
is determined accurately in the BOA (see eqn (70)). [Note that the
term ‘“‘coupled-channels” in the present context refers simply to
the form of the EFD, i.e., the difference between contributions of
channel a (defined as “internal” atom a “colliding” with nucleus b)
and channel b (internal atom b colliding with nucleus a) to the
EFD, as seen in eqn (78); this coupled-channels theory of the
EFD is an approximation to the traditional quantum-dynamical
description of collisions.] Recall that Q; =R, — R, (see discussion
below eqn (6)). The EPDs corresponding to the singly occupied
lowest-energy MO ¢, are

A% Q1) = 1l QYL (% Q1) (80a)
A% Q1) = d1(x5 QYH (x5 Q1) (80b)

where
$1(x Q1) = Y% Q) + Y% Qi) (81a)

Zcum xQ): vy (x:Qy)
(81b)
= e ol (xQ)
11

For the particular instance of the homonuclear diatomic,
eqn (78) becomes

<je,NCM (x, f)>CC: %JdQl [4.(x;Q) — 4p(x; Ql)]<ja,b(Ql ) l)>BOA
(82)

The application in Section 3.1 to vibrating oriented H," utilizes the
coupled-channels EFD, along with the electronic continuity equa-
tion and a scaling procedure,> to obtain good agreement with the
benchmark calculation based on the B-spline spectral method.*
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3 Application of the theory to the
hydrogen-molecular ion

3.1 The prototype: vibrating aligned H," in the electronic
ground state *X,"

This section serves two purposes: (1) to establish a highly
accurate standard (to which we henceforward refer simply as
“benchmark’) for the testing of approximate methods, in
particular “beyond BOA” and the scaled coupled-channels
technique; (2) to reveal new phenomena exhibited by CENFs
in the prototype.

Since alignment of the nuclei corresponds theoretically to the
constraint that the nuclei move on a straight line, our model is
1D, insofar as nuclear motion is concerned. The electron is not,
of course, so constrained. In this special case eqn (26) reduces to

7 A 1 I I
Hc = - r2 - |75 -
" TR —Re2 rrresz) &%
P
T, =9 b

wherer=q,R= Q=Z, — Zp, u= Mp/2, and M, is the mass of the
proton. According to eqn (15) the exact wave function is

W(r, R, 1) = > cyexp(—iEyt/h)y,(r, R) (84)

where the vibronic energy eigenfunctions satisfy

(He + Tn)lpn(ry R) = Enlﬁn(l", R) (85)

We utilize the B-spline spectral method®® to determine the
eigenstates. For this purpose it is convenient to employ a
spherical coordinate system whose origin coincides with the
NCM (Fig. 1). The polar angle 0 is measured from the positive
z-axis. Nucleus a lies at Re,/2 and nucleus b at —Re,/2. Because
of the cylindrical symmetry of the state 22; the vibronic
eigenfunctions depend only on r, 6, and R. The initial states
can be prepared by exposure of H, in the electronic ground
state to short, intense, near-infrared laser pulses.®* For simplicity
it is taken here to be the vibronic ground-state eigenfunction
with the nuclear coordinate R displaced arbitrarily by R (i.e.,
Y(r, 0, R, 0) = Yo(r, 6, R — R)). For the results to be presented
here, we set R = 2.0 a,.
The general expression in eqn (29b) for the EFD becomes

J dRV*V, ¥ — PV, ¥, . (36a)

. h
(Jenem (X,1)) = 2ime)

Ne

Exploiting the symmetry of the wave function, we can rewrite
eqn (86a) as”™

<je,NCM(X> 1)> = 2ime) o

ho[® . 3]
+ J dR{‘I’ (r,@,R,t)(cosHE— - 8r>'1’(1,9,R7t)—c.c} e.

2ime )

h J dR {'P* (r,0,R, 1) <sin 0—+
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Rb?’

Fig. 1 Schematic view of H,™ in direction of y axis with nuclei on z axis at
positions R, and R, with respect to NCM at origin. Spherical coordinates of
electron with respect to NCM are r, 0, and ¢ (not shown).

where the second line of eqn (86b) defines the radial (e, stands
for the unit vector perpendicular to the z axis) and z-components
of the electronic flux density in cylindrical coordinates. The
flux density of nucleus a at observation point R’ relative to
the NCM is

7i 21 T 00
(anem(R', 1)) = —1J d¢J dOsin HJ dri?
2iu)o 0 0

X |:l]/*(r7 97 R, f)a%ql(l‘7 67 R, t) — C.C.
R=2R

(87)

Henceforth we refer to (j, nom(R’, t)) as the NFD, or simply
nuclear flux, recalling that for the 1D model flux density and
flux are the same.

Fig. 2 exhibits plots of the NFD versus time at several points
of observation on the positive z-axis. Note that at z = 0.5 a, and
z=2.5 a, the NFD is negligible, since the wave function itself is,
for this particular state, negligible outside the range 0.5 a, <
z < 2.5 a,. Negative and positive fluxes correspond to contrac-
tion and expansion of the bond. Fig. 2 indicates that the bond
undergoes one expansion-contraction cycle during the first
22.3 fs. This cyclic process repeats itself until ¢ ~ 70 fs, though
scrutiny reveals that the relative magnitudes and phases of the
fluxes at the three points shift slightly with increasing time.
Beyond ¢t ~ 70 fs a chaotic period ensues, during which the
magnitudes and phases appear to get thoroughly shuffled,
presumably as a consequence of the spreading of the wave
packet and its consequent self-interference. After about ¢ ~ 225 fs
the desultory character of the NFDs declines relatively quickly,

0 cosog

) Y(r,0,R t) — c‘c} e

r=x

or roor

sin0 9 (86b)

r=x

= (Jenem,L (X, 1))er + (Jenem:(X, 1) e:
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Fig. 2 Nuclear flux density (NFD) of nucleus a with respect to NCM versus time for prototype (vibrating, aligned H,™ in the electronic ground state 229*).
Five curves correspond to representative points on z axis. NFDs at closest (0.5 ag) and farthest (2.5 ag) points of observation are negligible on scale of plot.
Insets are enlargements showing detail in intervals around specific events described in text (note changes of scale).

until at ¢ ~ 300 fs the pattern of the fluxes essentially matches
that observed at ¢ ~ 0. The wave packet appears to have
recovered its initial compact form (or global synchronicity).
Scrutinous examination shows that, though the wave packet
has been completely reconstructed, it is out of phase with the
initial packet by n. Since the time at which the packet comes into
phase with the initial packet (i.e., the revival time T.,) is about
600 fs, the observed reconstruction at 300 fs actually corresponds
to the half-revival time Ti./2, which is also observed experi-
mentally.*® Indeed, it can be shown that reconstructions of the
wave packet generally occur at times ¢ = pT;.,/q, where p and g are
integers and p/q is irreducible.®® Such fractional revivals are also
seen experimentally for D," *® and for Br,.*”

The left inset in Fig. 2, which displays the plots on a finer
scale in the range from 20 to 40 fs, shows that the NFDs evolve
nearly in phase. In contrast, the right inset shows that the
nuclear fluxes are out of phase in the range from 221 to 225 fs.
Such strong shifts in the relative phases of the NFDs have been
reported recently for D," and Na,.®

Fig. 3 exhibits plots of the z-component of the EFD versus
time at the same points of observation used for the NFDs.
Because of the symmetry of the *%," state, the EFDs observed at
—0.5 ay, etc., are the negatives of those observed at 0.5 a,, etc.
The same is true of the flux of nucleus b with respect to the
NCM. We note that for the first 70 fs, the pattern of the EFDs

This journal is © the Owner Societies 2015

mirrors that of their nuclear counterparts (i.e., as one expects
intuitively, the EFDs are synchronous with the NFDs). However,
in the period from 70 to 225 fs the EFDs remain in phase,
whereas the phases of the NFDs are jumbled. The absence of
strong dephasing of the EFDs compared with the NFDs is a
consequence of the relatively broad spread of the EPD com-
pared with the nuclear density.

The right inset in Fig. 3, which displays the EFDs in the range
from 221-225 fs, is especially interesting, as it reveals for the first
time multiple reversals in the direction of the EFD. The phenom-
enon is reminiscent of the previous discovery of multiple reversals
in the direction of the NFD, an effect which has been coined
“quantum accordion”.® We interpret this observation to indicate
that, shortly before the half-revival time, the electron reacts to the
highly inhomogeneous distribution of the nuclear density.

Fig. 4 shows vector plots of (je ncm p(X, )€ | + (e nom,2(X; )€,
at several times within the short-time range shown in the left
insets in Fig. 2 and 3. The results of the scaled coupled-channels
(SCC) technique,”* which is based on the BOA, are compared
with the highly accurate results (benchmark) obtained by the
B-spline spectral procedure.”® We observe that when the EFDs
take extreme values (i.e., at 22.2 and 38.0 fs) the SCC accords
very well with the benchmark. However, to put it charitably for
the SCC, we remark that when the EFDs are small, then the
agreement in not so good. The disagreement is due not only to
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Fig. 3 Z-Component of electronic flux density versus time for prototype (vibrating, aligned H,* in the electronic ground state 229+). Five curves
correspond to same points of observation specified in Fig. 2. Insets focus on detail over special domains, as in Fig. 2.
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Fig. 4 Vector plots of electronic flux density for prototype (vibrating, aligned H,™ in electronic ground state 22;) in x—z plane at several times within
interval encompassed by left insets of Fig. 2 and 3. Each plot compares scaled coupled channels result (blue) with numerically exact benchmark (red).
Contour plots of benchmark electronic probability density are also shown (contour lines: 0.025, 0.030, and 0.035 ag ™).

approximations inherent in the SCC, but also to differences
between BOA and benchmark nuclear dynamics, which are, in
turn, traceable to disparities between BOA and benchmark
vibronic eigenstates. Finally in Fig. 5 we exhibit the vector plot
showing several reversals in the direction of the EFD at 222.6 fs
(See the right insets in Fig. 2 and 3), which are characteristic of
the “quantum accordion” effect.®

It is instructive to compare the performance “beyond BOA”
(see Section 2.9, eqn (74)) with that of the benchmark in
the calculation of the electronic flux through a plane normal

29436 | Phys. Chem. Chem. Phys., 2015, 17, 29421-29464

to the internuclear (z-) axis. Hence, operating upon eqn (41)
with [©_ dZ/ Lz)"dqugcdrr ..., we obtain the formally exact relation

(JeNnem:ip (2, 1)) = =0f”_dZ'(penemap (25 1)) /01, which is
analogous to eqn (42). If we use the BOA to compute the
EPD, then the exact relation is approximated by

<je4,NCM;1D,z (2, l)>bBOA: _aj

dzl<pe,NCM;lD,z(Z,’ t)>BOA /Bt

(88)

This journal is © the Owner Societies 2015


http://dx.doi.org/10.1039/c5cp03982g

Published on 17 September 2015. Downloaded by Shanxi University on 19/04/2017 14:37:09.

PCCP

2226 fs

..........

0
x (ag)
Fig. 5 Vector plot of benchmark electronic flux density for prototype
(vibrating, aligned H,* in the electronic ground state 229+) in x—z plane at
time 222.6 fs within interval encompassed by right insets of Fig. 2 and 3.
Contour plots of electronic probability density are also shown (contour
lines: 0.025, 0.030, 0.035 ag ).

where <pe4NCM;1D,z(Z7 t)>BOA: 2nj80drrjgodR|X(R7 t)|2[¢0 (r7 Z R)}z
(see eqn (73)). Though the exact relation can as well be used to
compute the benchmark flux, it is somewhat more convenient
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4 0.001
3 0.0008
5 0.0006
‘ 0.0004
3 1 0.0002
50 0
N_4 -0.0002
5 ' -0.0004
-0.0006
-3 NE) -0.0008
-4 -0.001
0O 10 20 30 40 50
time(fs)
0.0001 P —
22.2 fs
5e-05 - .
=
-5e-05 .
(c)

_0'0001 1 1 1 1 1
-6 -4 -2 0 2 4 6

z(ap)

View Article Online

Perspective

in practice to employ the relation {joncwmiip:(z, 1)) =
JsndS - (e ncem(r, 2, 1)), where the surface S is the plane normal
to the internuclear axis at z and n = e, is the normal to the element
ds. From eqn (86b) we get (jencm:ip(z,1)) = éndgojgodrre;-
(enem(rsz,0))y = 20 [ drr(jencm(r, 2, 1) ). Using the bBOA and
benchmark formulas derived here, we generate the contour
plots displayed in Fig. 6, which indicate superb overall agree-
ment (compare panels (a), (b) and (d)). The “beyond BOA”
technique accords semi-quantitatively with the benchmark
even at times when the wave packet is concentrated near a
classical turning point and the flux is very small (see panel (c)).
These new results confirm quantitatively the CENFs reported
for the prototype in ref. 1. We are aware of no other reports of
CENFs for the prototype, or any other system, by the bBOA or
any other benchmark method.

3.2 Vibrating, dissociating H," as a “quantum bubble” in the
spherically symmetric electronic ground state ’X,*(J = 0, M = 0)

The symmetry of this special state dictates that both the EPD
and EFD are spherically symmetric.’* Therefore, according to

benchmark
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Fig. 6 Comparison of electronic flux densities (EFDs) obtained by “beyond BOA™ approximation with results of benchmark for prototype (vibrating, aligned
H," in electronic ground state 229*). (a and b) Contour plots showing spatial-temporal evolution of EFDs in time interval that overlaps left insets in Fig. 2 and 3.
(c and d) Spatial distributions at two times [indicated by vertical lines in panels (a) and (b); beyond BOA (red line), benchmark (black line)]: t = 22.2 fs which
corresponds to a classical turning point (c); t = 28.8 fs halfway between classical turning points (d). Note the different scales in (c) and (d).
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eqn (39), we have

0 "
(JeNeM:Dr (1 1) ) pon= 5 |:r72JOdr/r,2<pe7NCM(’J7 1)) gon
(89)
where
{pescrt(r:0)yor = (4| "aRI(R, )
(90)

2n T
X J d(I'JJ d0 sin 0[@(r, cos 0; R))?
0 0
®, is the ground-state eigenfunction of the electronic Hamiltonian
(see eqn (66a)) and (R, t) is the nuclear radial wave function, which
is related to the nuclear wave packet by

V(R 1) = (41)"Ry(R, 1) (91)

In eqn (90) we take the polar axis (z-axis) to lie on the vector r
from the NCM to the point of observation. The BOA flux density
of nucleus a with respect to the NCM, which satisfies eqn (40),
can be written explicitly as

. af,af"
<](1‘NCM;ID‘R(R7 t)>BOA: 7& |:R 2J0 dR/R,2<pa4NCM (R,7 t)>BOA

(92)
where the NPD is

(Pancm(R, D)poa = 2(4m) 'RY(2R, > (93)

Identical formulas (with a replaced by b) obtain for the
nucleus b.

The initial wave packet is prepared through photo-ionization
of H, in the electronic ground state 'E,"(J = 0, M = 0), which
produces H," in the electronic ground state *Z,"(J = 0, M = 0)
with the relative nuclear motion highly excited.>® Hence, the
nuclear radial wave function can be written as

VR 1) = 3 coexp(—iE,1/m)E,(R)

v=0

+ Z Cy eXp(—l.Eul‘/h)f,,(R) = lpv(Rv [) + wd(Rﬁ t)

v > Ny

(94)

where N, is the number of vibrational bound states and the
summation over states v > N, constitutes a discrete representation
of the continuum in terms of box-normalized eigenfunctions.
We determine the radial eigenfunctions by solving the radial
eigenvalue equation [(—7*/2u)0%/0R> + V(R)|(AR) = E,&,(R), using
the B-spline spectral procedure on the interval 0 < R < 100 a,.>°
The constant coefficients in eqn (94) are determined by the
initial wave packet: ¢, = [*dRE,(R)y(R,0). Making use of the
partitioning of the radial wave function into “vibrational” (v)
and “dissociative” (d) contributions (see eqn (94)), we can
express the radial probability density as

|l//(R’ t)|2 = |l//V(R! t)|2 + |lpd(R’ t]|2 + ZRe[!//V*(R7 t)lﬁd[R, t)]
(95)
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Substitution of this expression into eqn (90) and (93) gives

<pe,NCM(ra t)>BOA = <pe,NCM;v(ry t))BOA + <pe,NCM;d(r; t))BOA

+ {pe,nemsine(Ty £))BoA (96a)

<pa,NCM(Ry t))BOA = <pa,NCM;v(Ry t))BOA + <pa,NCM;d(R; t))BOA
+ (pa,nem;intRs ))BoA (96b)

where the vibrational, dissociative and “interference” (int)
contributions to the probability densities are separated. Plug-
ging these formulas into eqn (89) and (92) yields a similar
decomposition of the flux densities:

<je,NCM;1D,r(r y t)>bBOA = <je,NCM;1D,r,v(r y t))bBOA + <je,NCM;1D,r,d(r y t))bBOA

+ <je,NCM;1D,r,int(r , ©))bBOA (97a)

(JanoMsi,RR, 1)) Boa = (Janevsp, (R, £))Boa + (Janevsip,rd(R, £))Boa
+ (Janemp,rindRy ©))Boa (97b)

Note that the EFD, as expressed by eqn (97a), must go beyond
the BOA (“bBOA”) in the manner described in Section 2,
because in the BOA the electronic flux vanishes identically
(see eqn (71)).

Fig. 7 displays contour plots of the various contributions to
the EFD and NFD at two times. At the shorter time of 8 fs
the electron and the nuclei are essentially confined to a sphere
of radius 6 a,. One might conceive of this condition as the
interference between a pulsating “bubble” and an exploding
one. In other words, the bound vibrational states (pulsating)
interfere destructively with the continuum states (exploding).
At 80 fs multiple reversals of direction of the NFD indicate
strong dephasing of the radial wave packet. In contrast, how-
ever, the EFD displays no such reversal. These observations
are consistent with our findings for the aligned H," (see
Section 3.1).

We note that at the longer time (80 fs) the dissociative
contributions to the CENFs are delocalized over the shell from
5 ap to 20 ay, while the vibrational contributions remain
confined to a sphere of radius 4 a,. The interference contribu-
tion (also confined to a sphere of radius 4 a,) is essentially
ignorable (compare the magnitude of the interference compo-
nent at 8 fs and 80 fs), which suggests that the vibrational and
dissociative contributions are no longer overlapping (i.e., the
pulsating and exploding bubbles are well separated). Hence, at
80 fs, the dissociative part already represents two protons
traveling in opposite directions, each carrying the electron with
0.5 probability. This analysis suggests that the flux density is a
valuable tool for separating the vibrational and dissociative
components. For example, one can judge either whether these
components overlap, or, in an equivalent way, whether the
interference is sufficiently small to indicate a proper separation
of the components. This analysis is also consistent with the
“virtual detector” method,*® which computes the nuclear
momentum distribution from the NFD.
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Fig. 7 Contour plots in the x—y plane of vibrational (vib) dissociative (dis) and interfering (int) contributions to radial nuclear flux density of nucleus
a (NFD) and electronic flux density (EFD) with respect to NCM for “quantum bubble” (isotropic H»* in electronic and rotational ground state 2Zg"(.J =0,
M = 0)). To improve visibility of dissociative component at large distance EFD (je(r, t)) and NFD (j,(R, t)) are multiplied by 4nr® and 4nR?, respectively. The

units are Ep, At

4. Concerted electronic and nuclear
fluxes in tunnelling isomerization of B,

This section serves two purposes: (1) to present the first
quantum results on CENFs that accompany the isomerization
of a small inorganic molecule in the electronic ground state;
(2) to exemplify the general quantum-theoretical approach
(Section 2) applied to systems more demanding than the proto-
type (see Section 3). Tunnelling isomerization, first investigated
by Hund in 1927,” remains an important topic in experimental
and theoretical reaction dynamics.?**° Specifically, we consider
tunnelling isomerization of the boron cluster B, in the electronic
ground state from its D,y, rhombic structure® > (“reactant”, R)
through the Dy, square transition state (TS) to another, equiva-
lent D,}, rhombic structure (“product”, P), as illustrated in Fig. 8.

The rhombic B, unit (also the triangular B; unit) is a key
structural block for building boron clusters B, /", which have
been confirmed experimentally to be planar, quasi-planar, or
tubular in a wide range of sizes up to B4, ', B4y ", and B,,>", the

This journal is © the Owner Societies 2015

B2 /B2\
B3< >Bl B3 Bl
B4 - TS (transition state, D,) \34/

R (reactant, D,) P (product, D,)

Fig. 8 Tunnelling isomerization of Ba.

first cage-like all-boron fullerenes (or borospherenes).**'** Double-
chain boron ribbons'®™%” and atomically thin 2D boron sheets
and nanotubes'®® ! also appear to consist of rhombic By
building blocks. Owing to the electron deficiency of boron
[1s*2s*2p'] compared to carbon [1s°25%2p?],'7'%” the role
of B, in building larger B, species is analogous to that of the
C, unit in building carbon fullerenes and hydrocarbons.
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Isomerizations of B, fragments also contribute to the molecular
rearrangements of the larger boron clusters.*>

The importance of B, calls for in-depth investigations of its
properties. Its geometry, the coplanarity of R, P and the transi-
tion state TS, the distortion of the square TS (D,p) to the D,y
structures of R and P due to the pseudo-Jahn-Teller effect, the
conservation of the D,;, symmetry in the transition from R to P,
as well as the nature of the chemical bonding in B,, which
features both m and o aromaticity, have already been eluci-
dated.’’”®* Moreover, since the energies of the first excited
electronic triplet and singlet states at 1.1 and 3.1 eV, respec-
tively, are much higher than the rather low value Vs (~0.031-
0.035 eV) at the TS,”>** it is safe to assume that the tunnelling
isomerization of B, proceeds in the electronic ground state. The
favorable properties of B, make it an ideal candidate for
discovering the first CENFs during tunnelling isomerization
of a small inorganic molecule.

In the development of the theory in Section 2 we distinguish
among several levels of approximation as “without BOA”, “with
BOA,” and “beyond BOA”. These are exemplified in the present
treatment of tunnelling isomerization of B,. We now summarize
the results of our study that are acquired through 11 steps
detailed below. (1) We emphasize that synchronicity of the
CENFs (see eqn (63) and (64)) is an analytical consequence of
the Schrodinger equation (eqn (10) and (A.2)) “without the BOA.”
Complementary results “with BOA” include the following: (2)
the structures of R and P at the minima of the symmetric
double-well potential in the electronic ground state; (3) the
symmetry-adapted set of main directions of the NFDs from R to
P; (4) the construction of the internal mobile-type coordinates
Q1,- - -,Qo (see eqn (18)) for the nuclear motions; (5) the con-
struction of a 1D model; (6) evaluations of the tunnelling
splitting AEgoa and the related tunnelling time tpoa = #/AEgoa;
(7) computation of the NPDs of R and P, their difference and
(8) the resulting NFDs in the main directions from R to P;
(9) computation of the EPDs of R and P and their difference;
(10) determination of the symmetry-adapted set of the main
directions of the EFDs. (11) In contrast with steps (2)-(10),
the EFDs in the main directions from R to P are evaluated
“beyond the BOA”, because the BOA would yield zero EFDs
(see eqn (71)). Steps (9)-(11) also involve an extension beyond
the general theory of Section 2 and its application to the one-
electron prototype in Section 3, ie., we adopt a common

Core orbitals

2> DSOS
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practice of quantum chemistry, which is valid for B, and
many other molecules, and express the EPD as a sum of
contributions from electrons in core and valence orbitals.
These are related to corresponding fluxes of core and valence
electrons.**

Step 1

From the outset all EPDs and NPDs during coherent tunnelling
of B, evolve as superpositions of the densities of R and P [see
eqn (55)-(61)]. All of them are periodic (i.e., starting from R at
¢t =0, arriving at P at ¢ = 1/2, and returning to R at ¢ = 1, etc.) with
the same period 7. Likewise, all electronic and nuclear fluxes in
any direction, in particular in the main directions, evolve
periodically with the same period t. This means perfectly
synchronous CENFs during coherent tunnelling isomeriza-
tions. All CENFs can be expressed as products of spatial factors
and the same temporal factor, namely (r/7)sin(2n¢/7). Thus, for
tunnelling isomerizations starting from R at ¢ = 0, all CENFs
vanish at ¢ = 0, 1/2, 1, etc. After pointing “forward” from R to P
during the period 0 < ¢ < 7/2, all CENFs change sign and point
“backward” from P to R during the period 7/2 < t < 1, etc
Maximum amplitudes of all CENFs are observed halfway
between R and P or (with opposite directions) halfway between
P and R, at the times ¢ = 7/4 and ¢ = 37/4, when sin(2nt/7) = 1
or —1, respectively.

Step 2

For the purpose of determining the structures of R and P at the
two minima of the double-well potential, the electronic energy
eigenvalue problem [see eqn (66a)] is solved by means of
the coupled-cluster technique with single, double and pertur-
bative triple excitations (CCSD(T))'"* combined with Dunning’s
augmented triple-zeta correlation-consistent basis set (aug-cc-
pvTZ)."'* The corresponding canonical molecular orbitals
(CMOs) are pictured in Fig. 9. It is convenient to set the values
of the potential energy surface (PES) at the potential minima
equal to zero. The result for R is the rhombic structure shown
in Fig. 8. For convenience we assume that the NCM is at the
origin of the laboratory-fixed coordinate system, and that the
long and short molecular principal axes of R are aligned parallel
with the laboratory x- and y-axes (horizontal and vertical direc-
tions in Fig. 8), respectively (e.g., by means of the methods of
ref. 60-65). Furthermore, we assume that the molecule does not

Valence orbitals

e L X211

Fig. 9 Symmetry-adapted canonical molecular orbitals (CMOs) of By4. Yellow and blue colors correspond to positive and negative lobes, respectively.
Top row: CMOs of rhombic reactant (R), in order of increasing orbital energies, from four core CMOs (k = 1, 2, 3, 4) to six valence CMOs (k =5, 6, 7, 8,
9, 10). Nuclear configuration is fixed at potential minimum for R. Bottom row: CMOs of rhombic product (P) with nuclear configuration fixed at potential

minimum for P, in order which correlates with CMOs of R.
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rotate and that its D,;, symmetry is preserved in the transition
from R to P.’~%* This implies that the structures of R and P are
equivalent and coplanar, but with interchanged alignments of
the long and short axes (see Fig. 8). Accordingly, on the way
from R to P the pair of nuclei labeled 1 (right) and 3 (left), as
well as the pair labelled 2 (top) and 4 (bottom), move in
opposite directions parallel with the x- and y-axes, respectively.
The nuclei of the 1-3 pair are equidistant from the NCM; the
same is true of the 2-4 pair.

We note in passing that conservation of D,;, symmetry
implies conservation of the ring structures (see Fig. 8) (i.e., non-
ring geometries are not feasible during coherent tunnelling
from R to P). As a consequence, the relevant molecular sym-
metry group is a very small subgroup of the complete nuclear
permutation inversion group, namely G(B,, tunnelling) =
{E, (14)(23)*}, which is isomorphic with C4(M). The eigenfunctions
Vo and ¥, of the lowest tunnelling doublet transform according
to its irreducible representations A’ and A”, respectively.

91-93

Step 3

The symmetry-adapted set of the main directions of the nuclear
fluxes from R to P are illustrated in Fig. 10a by arrows pointing
from the positions of the nuclei 1, 2, 3 and 4 in R to their
positions in P. Fig. 10a also depicts the difference between the
NPDs of P and R (see Section 2).

Step 4

The 3N, = 12 nuclear coordinates, which consist of nine
internal nuclear mobile-type coordinates Q;, Q,,...,Qq¢ in the
NCM frame, supplemented by the three coordinates S,, S,, S, of
the NCM (see eqn (18)), are determined as follows. The general
theory of Section 2 suggests that the first coordinate Q; corre-
sponds to the main direction of the fluxes of the nuclei during
coherent tunnelling isomerization from R to P. According to the
results of steps 2 and 3 (summarized in Fig. 8 and 10a), the
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nuclei of the 1-3 pair and the 2-4 pair move in opposition.
Hence we define the internal nuclear coordinate as

Q=X+ +X; - Y, =(Y, —Y) — (X, — X3) (98)

Note that by definition Q; is symmetry-adapted (i.e., motion
along Q, conserves the rhombic shape of B, (D,y,)). The second
equality of eqn (98) shows that Q, is the difference between the
y-coordinates of nuclei 2 and 4 and the x-coordinates of nuclei
1 and 3. The values Q;x and Q;p for the R and P configurations
are negative and positive, respectively, with the same absolute
values (i.e., |Qir| = Q.p). Halfway between R and P, the value
of Qi is Qip = (Q1r *+ Q1p)/2 = 0, corresponding to square
geometry of B, at the potential barrier. Using the diagonal
version of the general expression for the reduced mass (given
just below eqn (17)), we obtain the reduced mass associated
with Qq: 1/py = (UMg)[(—1)* + 1* + 1* + (—=1)*] = 4/Mp.

The construction of Q; as a mobile-type coordinate is also
apparent in eqn (98). Thus, the pair of nuclei 1 and 3 and the
pair 2 and 4 may be regarded as diatomic subgroups oriented
perpendicularly to each other, with corresponding internuclear
distances (X; — X3) and (Y, — Y,), respectively, and with reduced
masses yu = MgMg/(Myg + M) = My/2. The mobile-type coordinate
Q1 (eqn (98)) may then be interpreted as the “distance” from
one quasi-particle (the 1-3 pair) with reduced mass u and
“coordinate” (X; — X;) to the other quasi-particle (the 2-4 pair)
with reduced mass p and ‘“coordinate” (Y, — Y,). The reduced
mass of the subsystem comprising the diatomic subgroups is
then uy = pp/(u + p) = W2 = Mg/4.

Another way to rationalize the reduced mass associated with
Q, is based on an Ehrenfest-type picture, according to which
the kinetic energy of motion along Q; with associated mass yu,
from R to P should account for the separate kinetic energies of
the boron atoms, all having mass Mg. That is, we should require
that u,(01)%/2 = My((X,)* + (V,)* + (X3)* + (¥,4)?)/2. The synchro-
nicity of the nuclear motions implies equivalent time evolutions
of the form (Q:(6) = (Qu) + (AQLA(), (X{6)) = (Xix + (AX)A(®)

nuclei core
electrons

(a) (b)

electrons

2
N7

valence all
electrons

(c) (d)

Fig. 10 Differences (Apencm(X))soa (€gn (117¢))) and (Ap1(Q1))soa (egn (103c) of electronic [(b)—(d)] and nuclear (a) probability densities of product and
reactant (top), and corresponding main directions of concerted electronic and nuclear fluxes during tunnelling isomerization of B, (bottom).
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Qg for internal nuclear motions of By together with coordinates S,, S,, S, for nuclear

center of mass of B4. Arrows indicate direction of motion of individual nuclei; + and — signs indicate motion either out of, or into, plane of page,

respectively.

and (Y{(t)) = (Y;)r + (AY))A(t), where (AQ,), (AX;) and (AY;) stand
for the mean values of the distances of Q;, X;, and Y; from R to P
and /(t) = sin’*(nt/7) (see eqn (59a)). Hence, we have

ﬂl(AQ1>Z

The symmetry of B, implies that —(AX;) = (AY,) = (AXz) =
—(AY,) = (4). Thus, eqn (98) yields (AQ;) = 4(4). Using
eqn (99a), we obtain p(44)> = 4Mg(4)> and consequently
U1 = Mg/4. We note that eqn (99a) is well approximated by the
classical limit

= Mp((AX)? + (AY,)? + (AX;)? + (AY,)?) (99a)

WmAQL = Mp(AX,® + AY,* + AX;® + AY,?)  (99b)

The reduced mass p, associated with Q; is thus rather small.
Below we employ the isotope ''B, which has mass My =
11.009 u. Hence, y; = 2.752 u. The small reduced mass, together
with the low potential barrier, yields an extremely short tunnel-
ling time (see eqn (52b) and step 6 below). Incidentally, the
coordinate Q; is equivalent to a normal coordinate of B,
namely the antisymmetric stretch.

There are many ways to construct the remaining mobile-type
coordinates Q,,...,Qo. We choose Q,,...,Q¢ and Q-,...,Qy to
correspond with the other normal vibrational modes, and with
rotations, respectively. The mobile-type coordinates, Q,. . .,Qo,
together with the coordinates S, S, S, of the NCM, are defined
explicitly by

where
AQ; = —AX; + AY, + AX3 — AY, = |ARy| + |AR,| + |AR3| + |AR,|
(99¢)
0, -1 0 0 0 1 0 0 0 0 -1 0 Xi
0, 0 0 1/2 0 0 —1/2 0 12 0 0o —1/2]| v
0; 12 0 0 0 12 0 —1/2 0 0 0 —1/2 0 Z
04 0 1/2 0 0 —1/2 0 12 0 0 —1/2 0 X,
0Os 12 0 0 —1/2 0 0o 12 0 0 -—1/2 0 0 Y,
Q¢ 0 1 0 1 0 0 -1 0 -1 0 0 Z>
= (100)

07 0 0 0 0 0 1 0 0 0 0 -1 X3
0Os 0 0 -1 0 0 0 0 1 0 0 0 Y;
09 0 12 0 -—1/2 0 0 -1/2 0 1/2 0 0 Z;
Sy 14 0 0 1/4 0 0 1/4 0 0 1/4 0 0 X,
S, 0 1/4 0 0 1/4 0 /4 0 0 1/4 0 Y,
S. 0 0 1/4 0 0 1/4 0 1/4 0 0 1/4 Zy
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or in compact matrix notation Q = WR [see eqn (18)]. The
movements of individual nuclei associated with the modes Q;,
Qy,. - .,S; are illustrated in Fig. 11. The coordinate Q, describes
the out-of-plane bending mode (“butterfly”), Q; the symmetric
stretch, and so on. Likewise, Q;, Qg, and Qg correlate with
rotations about the x-, y- and z-axes, respectively, and S, S,,
and S, describe translations of the NCM in the x-, y-, and
z-directions, respectively. Hence the PES should depend on
Qy,- - ,Qe, but not on Q, Qg, and Qq or Sy, Sy, and S..

Using eqn (20) and the masses M; = M, = M3 = M, = Mg, we
can write the kinetic energy operator as

Ty = P1%/2(Mg/4) + Py*/2My + P> /2Mjg + Py*/2My + Ps*/2My
+ P%/2(Mg/4) + P,*/2Mg + Pg*/2Mpg + Po*/2My + P1y*/2(4Mp)
+ P112/2(4My) + P1,?/2(4Mp) (101)

The procedure is detailed in Appendix B. The diagonal form of
T, confirms the definitions of the coordinates Q,...,Qy as
mobile-type coordinates. The associated reduced masses
appear in the denominators in eqn (101). In particular, that
11 = Mg/4 validates the construction of Q; described above.

The rotational coordinates Q, Qg, and Qo are set to zero
(i.e., these “frozen rotations” correspond to the present model
of the oriented B,, as illustrated in Fig. 8). Likewise, the NCM
coordinates Sy, Sy, and S, are set to zero. The two minima of the
PES corresponding to R and P are then located at

Qir = —0.53 A, Qr = 0, Qsr = 8.68 A,

View Article Online
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Q4r = Osr = Q6r = 0,

Q1p = —Q1r, Q2p = Q2r, Q3p = Q3r,

Quap = Q4r, Qsp = Qsgr, Qsp = Qer (102)

The Cartesian coordinates related to Q; under the constraints
of eqn (102) are given by Rx = W 'Qg and Rp = W 'Qp,
according to eqn (18). The corresponding structures of R and
P are pictured in Fig. 8.

Step 5

For the purpose of reducing the full 12D model to the 1D model
described in terms of only Q;, we impose the following 11
(=12-1) constraints: the NCM is fixed at the origin, ie., S, =
S, = S, = 0; the molecular orientations are also fixed at
Q; = Qg = Qy = 0; conservation of D,, symmetry implies
Q= Q4=0Q5 = Qs = 0; Q3 = Q3r = Qsp = 8.68 A. This last
constraint corresponds to replacing the intrinsic reaction coordinate
(IRC) by a straight line. The IRC embedded in the 2D section
V(Q1, Q2 =0, Q3, Q4 = Qs = Qg = 0) of the PES is shown in Fig. 12a.
The IRC is evidently almost linear (i.e., the constraint Q; = Qg =
Qsp is an excellent approximation). Henceforward we refer to the
resulting 1D cut of the PES, V(Q1, Q» =0, Q3 = Q3g = Qzp, Q4 = Q5 =
Qe = 0), illustrated in Fig. 12b, simply as V(Q,).

Thus we arrive at the 1D model having the Hamiltonian
H =T, + H. and Schrodinger equation specified in eqn (26)
and (27). With the internal and NCM coordinates Q,,. . .,S, fixed
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Fig. 12 (a) Two-dimensional (2D) contour plot of PES, showing intrinsic reaction coordinate (IRC) of B4 in red. Coordinates Q; and Qs are illustrated in
Fig. 11. (b) Potential curve for 1D model, plotted versus main direction Q; (or, exemplarily, versus Cartesian coordinate X3 of nucleus 3). Also shown are
differences between probability densities of product P and reactant R versus Qy, or equivalently, for nucleus 3 (blue) and for an electron in 1s core orbital
(red) versus Xs. Superimposed arrows in (b) indicate same directions of concerted fluxes (CENFs) from negative domains of density differences to positive
ones. (c) Nuclear flux (blue) and flux of an electron in associated 1s core orbital (red) for nucleus 3.
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as indicated above, eqn (25) yields the Cartesian coordinates of
all nuclei in the NCM frame as a function of Q,. These nuclear
motions are indicated by the arrows in Fig. 10a.

In the 1D model, the momentum operator P; = —i/i0/0Q, is taken
into account explicitly, whereas all other momenta are disregarded
(i.e., P, = P; = ...Pj, = 0). Under these constraints eqn (20)
relates the Cartesian components of the nuclear momenta in
the NCM frame to the internal momentum P; and eqn (51)
expresses the Cartesian components of the fluxes of nuclei
observed in the NCM frame in terms of the internal flux (j;).

Step 6

If the physics underlying the present 1D model is adequate, it
should account for the essential properties of the tunnelling
isomerization of B,. As a test of the model, we compare the
tunnelling splitting of B, of the full 12D model with that of the
reduced 1D model. This test is motivated by the validation of
the 1D model for tunnelling isomerization of another four-atom
molecule, namely ammonia, under analogous constraints: fixed
NCM, fixed orientation, conservation of symmetry, and approx-
imate conservation of one specific internal nuclear coordinate
(the mean NH bond length in C;, symmetry). The validation of
the 1D model is based on excellent agreement of the computed
tunnelling splittings with the experimental (i.e., inherently the
full D) ones.""

To calculate the tunnelling splitting AEgo, and the related
tunnelling time tgos = #/AEgo, for B,, we take the 6D (corres-
ponding to full 12D with fixed NCM and orientation) quantum-
mechanical result for the tunnelling splitting AEgos =21.9 he cm Y
which has been reported in ref. 93, as a reference. The calculations
of ref. 93 are based on the qualitatively correct 6D PES, which is
a polynomial fit (to fourth order) of 643 ab initio energies
obtained at the CCSD(T)/cc-pVQZ level of quantum chemistry.
Using the same polynomial PES as ref. 93, we performed 1D
calculations by setting all coordinates except Q, to the values at
R and P (see eqn (102)). The resulting 1D tunnelling splitting
AEgoa = 21.7 hc em ™' is in excellent agreement with the 6D
reference. This validates the 1D model. Next, we replace the
polynomial fit of ref. 93 by the 1D potential curve V(Q,)
calculated at the same level of quantum chemistry. The resulting
tunnelling splitting is AEgos = 13.5 hc cm™ Alternatively, if we
use V(Q,) evaluated at the present level of quantum chemistry
(CCSD(T)/(aug-cc-pVTZ)), then we get AEgon = 11.5 hc em™.
Comparisons of the 6D and 1D results based on the polynomial
fit to the PES, and the 1D results based on the potential curves
V(Q,) at different levels of quantum chemistry, show that in the
case of B, the tunnelling splittings are far less sensitive to
approximations (i.e., reduced dimensionality or level of quantum
chemistry) compared with low-(fourth-) order polynomial fits
to the PES. Below we use the value AEgo, = 11.5 he em ™7,
corresponding to the tunnelling time tgos = 2.9 ps. That this
value is between those for ammonia (42 ps)'**''® and malon-
aldehyde (1.5 ps)"'” suggests that the predicted tunnelling time
of B, could be confirmed experimentally by means of analogous
measurements, or by the techniques developed in ref. 118-120.
The dependence of the tunnelling times on the levels of the
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quantum chemistry and on the dimensionality of the model
will be reported elsewhere. In the subsequent expressions here,
we use the notation 7, dropping the subscript “BOA” to simplify
the notation.

Step 7

To evaluate the NPDs of R and P, and their difference in the
BOA, we use the general expressions given by eqn (56¢) and
(57b), from which we derive

<p1(Ql)>BOA,R = |XR(Ql)|2
(P1(Q1))Boae = 12(Q1)|?
<Ap1(Q1)>BOA = <p1(Q1)>BOA,P - <p1(Ql)>BOA,R (103C)

(103a)

(103b)

where
1r(Q1) = N[x0(Q1) + 71(Q1)]
Ar(Q1) = N[—70(Q1) + 71(Q1)]

are the nuclear wavefunctions representing R and P in terms of
the eigenfunctions y0(Q) and y41(Qi) of the lowest tunnelling
doublet. The normalization constant is N = 1/v/2. The 1D NPD
difference (Ap1(Q1))poa is shown in Fig. 12b together with
the arrows indicating the main directions of the nuclear flux
from negative to positive domains of (Ap;(Q1))soa. The time
evolution of the NPD, given by the BOA analogue of the exact
formula (see eqn (61a)),

<P1(Q1, t)>BOA,R = <p1(Ql)>BOA,R + <Ap1(Q1)>BOA Sil’lZ(TEt/‘L')
(104)

(103d)

(103e)

is shown as a contour plot in Fig. 13. The transformation from Q,
to the Cartesian coordinates X;, Y, X3, and Y, of the nuclei 1, 2, 3,
and 4 (see eqn (25)) yields the corresponding time evolutions of
the probability densities of the individual nuclei during tunnel-
ling. This is also shown in Fig. 13 exemplarily for the tunnelling
of nucleus 3 from R to P.

Step 8

We determine the nuclear flux using the result of step 7 in the
BOA expression,

0

' a0 (ap(01")).  (x/x)sin(2ni/r)

(1(Q1, 1)) oA r= _JQ

(105)

which is analogous to the exact formula given by eqn (64a). Robust
results are obtained for a conservative choice of the lower limit of
integration Q;o (=—1.7 A). The time evolution of the resulting
nuclear flux observed at Q; is also shown in Fig. 13, together with
the corresponding nuclear flux of (exemplarily) boron nucleus B3
at X;. As expected, the fluxes are directed from R to P during the
period 0 < ¢t < 7/2, and then from P to R during the period
7/2 < t < 7. The maximum amplitudes of (j;(Q1, t = 1/4))soar
are plotted in Fig. 12c.The nuclear flux evidently achieves its
maximum value at the potential barrier. On first glance this is
counterintuitive because the NPDs at the barrier are exceedingly
small. The result may be rationalized as follows.”* The nuclei do
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Fig. 13 Time evolution of probability densities (left) and fluxes (right) of nuclei at Q4, or equivalently at X5 (top, a), core electrons (middle, b) also at Q; or
X3 and valence electrons (bottom, c) at ¢ during tunnelling isomerization of B,4. Horizontal arrows in bottom right panel indicate fluxes of valence
electrons, which alternate in direction in the four quadrants. Vertical arrows (bottom) labeled 1, 2, 3, and 4 indicate angular positions of nuclei B1, B2, B3,

and B4 (cyclic).

not “like” to tunnel; they “prefer” to be at R or P rather than the
potential barrier. But since quantum mechanics dictates that
they must tunnel,”® they move through the barrier as fast as
possible, thus maximizing the NFD at the barrier.

The nuclear flux observed at point Q; in the 1D internal frame
can be related to the Cartesian components of fluxes of the
individual nuclei in the NCM frame. According to eqn (51b), the
flux of nucleus 3 in the x-direction observed at X3, for example, is
proportional to the flux observed at Q; = XS/[W_l]Sx;lz

; My [WT} 31 /. < T
X X b = —_— = X 19
(/3x (X3, 1)) MSMWT}M] <]1 (Ql 3/[W Jas z)> (106)
The proportionality constant in eqn (106), ¢ = ﬂ%, can
M3 [Wil] 3x;1

be calculated directly from the matrix W (see eqn (100)). The result
is ¢ = 1 (see Appendix C). It is worthwhile, however, to present an
alternative, more intuitive derivation that avoids the substantial
work of inverting W. We exploit the fact that the NFD that
accompanies coherent tunnelling in any direction can be
written as a product of a spatial factor times the temporal

This journal is © the Owner Societies 2015

factor, (m/t)sin(2nt/) (see Section 2.8). It therefore suffices to
determine the constant ¢ at a single, arbitrary time ¢, and at
single, arbitrary points of observation of the related coordinates
(Q1 and X;). The same constant then applies at all other times
and related points of observation. For convenience we consider
the time ¢ = 7/4 (i.e., half of the time required for tunneling from
R to P), when the temporal factor achieves its maximum value
(m/t). We take the point of observation to be at the potential
barrier halfway between R and P at Q; = Q;, = 0 or X3, = 0.5
(X3 & + X5,p), where the spatial factors attain their maxima. Because of
the symmetry of the system, for this time and point of observation
the nuclear yield is 1/2 (i.e., the time integral of the flux associated
with Q, at point of observation Q,, over the interval [0, 7/4], yields
the value 1/2, as does the analogous time integral of the flux
associated with X;). Since the temporal factor is common to both,
the spatial factors of the NFDs along Q, and X; at Q,, and X3 ;, must
also be the same. As a consequence, ¢ = 1. Strictly speaking, this
analysis rests on the assumption that at ¢ = 0 and at ¢ = 7/2, the wave
packet is localized in the respective domains of R and P, but this is
an excellent approximation, in accord with the observed negligible
values of the NPD at the barrier for R at t = 0 and for P at ¢ = 1/2.
A generalization of this analysis is given in Appendix D.
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Hence, we have

(JaxX3, 1)) = (J2(Qu, 1)) (107)
Further, by virtue of the symmetry of Q,, we also have
(J1(Qu, 1)) = = (J1xl(X1, 1)) = (Jy(Y2y 1)) = = (Jiay(Ya, 1))
(108)

for the other nuclei.

Step 9
According to eqn (73), the 3D EPD of R(P) in the BOA is given by

(PeneM (X)) o rep)

:JdQllxR(p)(Ql ‘ {iﬂjdq, Po(a; Q1) "} (109)

i=1 j#i

Ne Ne
= JdQl {Z 11 JdQ/[‘I’o(Q; Ql)]iix}<pl (Q1))BoA r(P)

=1 j#i

where the second line depends on eqn (103). Exploiting the
form of @, as a Slater determinant of canonical molecular spin-
orbitals (CMOs) (i.e., a product of a one-electron spatial function
ox(q;; Q1) and a spin eigenfunction, where k = 1, 2,.. ., N./2), we
can cast the quantity in braces in eqn (109) as

Ne Ne Ne/2
S 1T o iontas 0 = pix.00 =23 pitx.0) (110)
i=1 j#i k=1
where
pilx, Q1) = [l Q)P (111)

is the probability density of an electron in the kth CMO (with
the internal nuclear coordinate fixed at Q;) at the point of
observation x in the NCM frame. Note that, since the CMOs are
normalized, we adopt the standard normalization

Ne/2
[xox. 00 =23 [axtorxs 00
k=1

(112)

The CMOs for B,, computed at the present (CCSD(T))/(aug-cc-
pVTZ) level of quantum chemistry, are shown in Fig. 9 for R and
P at Q; = Q;x and Q; = Q;p. Four core CMOs (k=1, 2, 3, 4) can be
distinguished from six valence CMOs (k = 5, 6, 7, 8, 9, 10).

Hence, the total EPD (at nuclear configuration Q,) can be
partitioned into core and valence contributions:
4
pcore X, Ql = Z X Ql (1133)
k=1
Ne/2=10
pval(X;Ql) =2 Z pk(val) (113b)

k=5
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It follows from eqn (112) and (113) that
depcore(x, 0))=38 (114a)
depval(x, 0)) = (114b)

It is instructive to express the population density of core
electrons as

cha X, Ql

in terms of orbitals ¢.4(x, Q;) that are localized at the nuclei a
(=1, 2, 3, 4):

Z [¢c7a(X7Ql)]2 (115)

pcore X Ql

0% 0) = o 0) ~e:(x Q)] (116)
PealXi0) = Jolos( 00— py(xiQ)]  (116h)
reslx:0) = Sl (x:0) + ps(x: Q)] (1169
P 4(X;01) = : [@3(x; Q1) + @4(x; O1)] (116d)

V2
Using eqn (109)-(111), we can express the EPDs associated with
the core and valence contributions to R and P by

Q1
(penerten X)) gop = jQ 019, 01) (01 Q1)) posr  (1172)

Oy
<pe,NCM;cat(X)>BOA7p: JQ dlecat(X7 Q1)<p1 (Ql))BOAP (117b)

<pe,NCM;cat(x)>BOA,R
(117¢)

<Ape,NCM;cat(X)>BOA = <Pe,NCM;cat(X)>BOA,P -

where the subscript “cat” (for category) refers to core, valence, or
perhaps all, electrons. The lower and upper integration limits in
eqn (117a) and (117b) are chosen so that the NPDs (p1(Q1))goar
and (p1(Q1))goap are negligible outside the domain [Q,;, Q1]
In practice we set Q;, = —Qq; = 1.3 A. The resulting differences
of the EPDs of the core electrons (occupying orbitals ¢ 4(x, Q1)),
which are localized at the nuclei (cat = a = 1, 2, 3, 4), are
shown in Fig. 14. The difference of the EPD for all core electrons
(cat = core), valence electrons (cat = val) and all electrons are
shown in Fig. 10.

Step 10
From eqn (113)-(117) we deduce

<pc,NCM (X)>BOA,R: Z <pc,NCM;cAa(X)>BOA‘R+<pc.NCM;va1 (X) >BOA,R

a=1

(118a)
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Fig. 14 Difference between one-electron probability densities of product
P and reactant R for electrons in localized core orbitals (top) and main
directions of electronic fluxes associated with the reaction R — P indicated
by blue arrows (bottom). Positive and negative domains of electronic
probability density difference are indicated by red and blue colors, respec-
tively. Arrows represent electronic flux from centers of negative domains
to centers of positive domains of the difference. Solid lines represent
nuclear frames of rhombic R (blue-green) and P (red).

4
<ApeANCM (X) >BOA = Z <Ape,NCM:c,a (X) >BOA + <Ape,NCM;val (X) >BOA

a=1

(118b)

Combining eqn (118) and the BOA version of eqn (58a), we can
express the time evolutions of the EPDs associated with specific
core electrons (i.e., those occupying the orbital localized on
nucleus labeled a) and (all) valence electrons as

<pe,NCM;c,a (X, t)>BOA,R
(119a)
= <pe,NCM;c,a(X) >BOAAR+<Ape’NCM3C’“(X)>BOASin ’ (?)

<pe,NCM;Val (X, t)>BOA,R

. t
= <pe,NCM;val (X) >BOA7R+ <Ape,NCM:\lal (X) >BOA sin ? <TE7)
(119b)

These formulas permit us to examine the EFDs that are due to
the individual categories of electrons.

According to the general theory of Section 2, the main
directions of the EFDs for electrons in core orbitals localized
at the nuclei are from the negative to the positive lobes of
(Ape ncMie.a(X))Boa R (i.€., along the —x, +y, +x and —y directions;
see Fig. 14). These are parallel to the directions of the nuclear
fluxes. This situation is pictured in Fig. 10b. Comparison with
Fig. 10a shows that the core electrons flow synchronously with
the nuclei, confirming our chemical intuition.

The main directions of the fluxes of valence electrons are
deduced from the difference between the EPDs of P and R,
(Apencmyval(X))Boa, Which is shown in Fig. 10c. Symmetry
implies that there are altogether four angular fluxes with
alternating clockwise and counterclockwise directions in the
cylindrical quadrants. The results for the core (Fig. 10b) and
valence (Fig. 10c) electrons are summarized in Fig. 10d.
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Step 11

The decomposition (eqn (118)) of the total EPD into contribu-
tions from core and valence electrons suggests the analogous
decomposition of the EFD, and of the continuity equation
(eqn (74), “beyond BOA”). Thus, we have

a<pe,NCM;c,a(x’ t)>BOA,R/at + vx'(je,NCM;c,a(xy t)>bBOA,R =0
(120a)

a<Pe,NCM;val(X, t))BOA,R/at + vx'<je,NCM;val(x; t))bBOA,R =0
(120b)

for the core and valence electrons. We can also write the EFD as

4

<je.NCM (X7 t)>bBOA,R: Z <‘/‘e.NCM:c,a(X7 t)>bBOAAR
a=1 ' (121)

+ <je,NCM;vaI(X7 l)>bBOA7R
The individual components can then be reduced to 1D fluxes
along arbitrary directions. Most interesting are the 1D fluxes
along the main directions. For example, the 3D-to-1D reduction

of the flux of the electrons in the core orbital localized at nucleus
a = 3 in the main direction (i.e., in the x-direction) yields

<je,NCM;c,3,lD,x (x7 [)>bBOA

* o© o° n . [2nt
—J dx’J dy/[ dz’(ApeNCM;Cg(r/»BOA?s1n(T)

* n . (2nt
—J dx,<Ape,NCM;c43,1D7x(X/)>BOA;Sln(T)

(122)

The difference between the reduced 1D EPDs of R and P for the
core orbital centered at nucleus 3, (Apencmic,3,10.x(X))Boa, 1S
plotted in Fig. 12b. The resulting 1D flux (eqn (122)) of an
electron in the core orbital localized at nucleus 3 is plotted in
Fig. 12c at time ¢ = 7/4. The time evolution of the probability
density and the flux of an electron in the core orbital localized
at nucleus 3 are illustrated by contour plots in Fig. 13b. Equivalent
results, analogous to those given in eqn (107) and (108), are
obtained for the EPDs and EFDs associated with the other core
orbitals localized on nuclei 1, 2 and 4.

Fig. 12b, c and 13a, b also allow the comparison between the
probability densities and fluxes for nucleus 3 and the asso-
ciated core electrons. The overall shapes are evidently the same,
but the NPDs are more localized than the EPDs of core orbitals
because of the larger mass of the nuclei compared with the
electrons. The maximum values of the nuclear fluxes are there-
fore larger than those of the core electrons, which travel with
the nuclei. The maxima of all fluxes occur at the barrier.

For the angular fluxes of the valence electrons, we use
eqn (62a) and (63a) subject to two constraints: (i) tunnelling
in the electronic ground state; (ii) conservation of D, symmetry
during tunnelling. Accordingly, the angular flux of the valence
electrons is zero at ¢ = ¢, = 0 (and also at ¢ = n/2, © and 37/2);
otherwise, either the D,;, symmetry would be broken or perhaps
a ring current in an electronic excited state*® would be present.
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Thus, we set ¢, = 0 in eqn (62a) and evaluate the angular flux of
the valence electrons according to eqn (63a):

(JeNcM:val 1D (9, 1) )ypoa r

P 00 00 . .
7[ d(p/J dr’r’J dZ/<Apc4NCM;val(r/)>BOA;Sln<T)

0 0 —00
¢ . [2nt
= —L d<P/<APe,NCM;vaL|D,q;(f/’/)>BOA; Sin <T>

(123)

In practice the infinite limits on the integrations on ' and z’ are
replaced by sufficiently large finite values so that the integrals
converge. The corresponding time evolution of the 1D angular
population density of the valence electrons is obtained by
analogous integration of the 3D densities in eqn (119b),

<pe,NCM;Va1.1D1¢((/)’ t)>BOA R

. T
= <pe,NCM;Val,lD‘<p(q))>BOA R+<Ape,NCM;va1‘1D,zp((p)>BOASln : (?)
(124)

The reduced 1D angular density difference of the valence
electrons of P and R, (Apencmyvalip,q(®))Boa, is plotted as a
function of observation angle ¢ in Fig. 15, together with the
resulting angular flux (e ncmival,1p,0(@s t = 7/4))bpoa,r- The time
evolutions of the angular densities and fluxes of the valence
electrons are shown in Fig. 13c.

This section presents the first example of the perfect syn-
chronicity of the CENFs during tunnelling isomerization. We have
rationalized the counterintuitive result that all fluxes achieve
their maximum values at the time ¢ = t/4, at the potential

iy
04 [

02| /\A/\
00 f

02k

04

06 1 1 !

density difference (1/rad)

flux (1/ps)

Il 1 L

0 2 L 3m/i2 2w
@/rad

Fig. 15 Difference (Apencmvalip.ol@))soa between angular () compo-
nents of one-electron densities of valence electrons for product P and
reactant R (top), and corresponding angular flux density (je ncmoval1p,o(®.
t = 1/4))psoar during tunnelling isomerization of B, (bottom). Vertical
arrows indicate positions of nuclei 1, 2, 3, 4 (cyclic). Horizontal arrows —
and « indicate anticlockwise and clockwise main directions of angular
fluxes of valence electrons.
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barrier halfway between R and P. Another key discovery is that
the core electrons flow with the nuclei, whereas valence elec-
trons may flow in oblique directions. In the specific case of By,
the opposing pairs of nuclei 1-3 and 2-4 flow in orthogonal
directions. Apparently, the opposing nuclear fluxes drive angu-
lar fluxes of the valence electrons. This effect is reminiscent of
that produced by two laser pulses with different, approximately
perpendicular polarizations, which drive angular fluxes in ring-
shaped molecules.'*"**?

5. Concerted electronic and nuclear
fluxes during the Cope rearrangement
of semibullvalene in the tunnelling
domain

The importance of tunnelling reactions in organic chemistry has
been discussed recently.?*'*>'*371?> Here we focus on a typical
example of a pericyclic reaction, specifically the degenerate
3,3-sigmatropic shift, or Cope rearrangement'*® of semibullva-
lene (SBV), as depicted in Fig. 16a.

Our choice of SVB is motivated by several considerations. From
a general perspective, SBV and several of its derivatives have
already served as touchstones for the study of various aspects

of pericyclic reactivity: synthesis;'>”"*" spectroscopy;'***3°
kinetics;*>"*7 3% electronic  structure;'>130-134,135,139-148
(a)

reactant R (CS)

product P (CS)

(b)

Fig. 16 (a) Bird's eye view of Cope rearrangement of semibullvalene (SBV).
(b) Superposition of structures of reactant R (grey) and product P (black) for
scenario with C1-C5 bond parallel with x-axis. The x-z plane is Cs symmetry
plane. Inset shows main direction of nuclear flux during tunnelling from R to P,
exemplarily for carbon nucleus C4. The vector (red) shows shift Acseca.
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1297131135149 ah initio molecular dynamics;"™°

thermochromicity;
quantum dynamics of laser control."******* Thermochromicity
of SBV, for example, is a consequence of the low potential barrier
between the reactant (R) and product (P) and the large gap between
the potential energy surfaces (PES) of the electronic ground and first
excited states.*>'**14415! Hence, the low barrier promotes tunnel-
ling in SBV and it is safe to assume that tunnelling proceeds in the
electronic ground state. Tunnelling is also enhanced by the rather
low effective mass associated with the reaction coordinate, which
has been estimated to be u; = (M¢ + My)/4."*

For the specific purpose of this perspective (i.e., the compu-
tation of CENFs), pericyclic reactions offer a model for the
discovery of new phenomena'®2¢2%%* and particularly for the
quantitative interpretation of the traditional representation of
electron transfer by curved arrows attached to Lewis structures.
Many applications are documented in textbooks of organic,'>* ™%
inorganic'®'®* and biochemistry.'®*'® In general, the arrows
indicate the breaking and making of chemical bonds through
loss and gain of valence electrons. Those valence electrons that
make the dominant contribution to this type of “pericyclic”
electron transfer are called “pericyclic”’ electrons below; the
corresponding EPD and EFD are also called “pericyclic”’. The
term “pericyclic” suggests that the “pericyclic” electrons are
transferred in a cyclical manner along the molecular perimeter,
typically indicated by a cyclic (clockwise or counterclockwise)
sequence of curved arrows in the Lewis structure.">*'® Previous
theoretical investigations of pericyclic reactions have focussed on
the Woodward-Hoffmann rules for the conservation of orbital
symmetry,'*® analyses of transition-state structures or intermedi-
ates,"”® and assignments of concerted (or synchronous), as
opposed to sequential, mechanisms.*®**"*% Through quantum
simulations we have recently provided a quantitative interpretation
of the arrows in Lewis structures describing the Cope rearrange-
ment of SVB.>”** We find that the “pericyclic” electrons do not flow
strictly either clockwise or counterclockwise about the perimeter,
but rather in clockwise and counterclockwise segments (referred
to as “pincer-wise motion”). In other words, “pericyclic” reactions
do not really occur “pericyclically,” as it were.””**** Moreover, we
have determined the numbers of pericyclic electrons trans-
ferred during the “pericyclic” reactions, which turn out to be
much smaller than assumed by the traditional rule'>* ™% (i.e.,
two electrons per curved arrow, or one per single-headed arrow
symbolizing ‘“pincer-wise motion”). In contrast to the previous
investigations,””** which concern CENFs associated with states
having energy well above the potential barrier, the present
focus is on tunnelling states below the barrier, which are also
considered in ref. 27.

SBV may be formally regarded as a derivative of 1,5-hexadiene,
as a reference. The SBV comprises the (hexadiene) chain of six
carbon atoms C8—C7-C6-C4-C3—C2 (reactant, R, clockwise
notation, (see Fig. 16)), susceptible to the Cope rearrangement
to C4—C3-C2-C8-C7—C6 (product P, keeping the labels of the
carbon atoms), plus the bridge of two carbon atoms C1 and C5.
On first glance the bridge may appear as a complication that
makes the structure of SBV more unwieldy than the reference.
For the present purpose of calculating CENFs during a pericyclic
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reaction, however, the bridge is quite helpful in that it keeps
the configurations of R and P close to each other. As a
consequence, the six relevant C atoms (C8, C7, C6, C4, C3, C2)
move over rather short distances during the tunnelling from R to
P. This is illustrated in Fig. 16b, which depicts the superposition
of R and P for the model with oriented C-C bridge. The inset
shows the rather short direct way of the carbon atom C4 from R
to P. Moreover, Fig. 16b indicates that the attached protons (with
corresponding labels H8, H7, H6, H4, H3, H2) likewise travel
only short distances from R to P.

In summary, the Cope rearrangement of SBV serves as an ideal
model system for the possible discovery of new features of CENFs
during a pericyclic reaction in the tunnelling domain. The corres-
ponding tunneling time, t = 1940 s, has already been deter-
mined."”® (Note that in ref. 18, 27 and 44, t = 970 s is the time
required for tunnelling just one way from R to P.) Similar rather
long, or even much longer (perhaps hours), tunnelling times have
been measured recently for several other tunneling reactions."”**”*
In the remainder of this section we derive the CENFs associated
with the Cope rearrangement of SBV, following the same procedure
used in Section 4 for tunneling isomerization of B,.

Step 1

We emphasize one of the fundamental results of Section 2: the
Schrédinger equation yields synchronous EPDs and NPDs as
well as EFDs and NFDs during coherent tunnelling isomeriza-
tion of any molecule between symmetrically equivalent R and P.
This theorem provides an answer to the title question of ref. 148,
“Electron-nuclear motion in the Cope rearrangement of SBV: ever
synchronous?” The simple answer is, “yes, in the domain of
coherent tunnelling!” The theorem also explains the specific result
discovered in ref. 27, namely that the electronic flux out of the old
single bond that is broken (C4-C6 in Fig. 16) is synchronous with
the electronic flux into the new bond that is formed (C2-C8).
That this result is not at all trivial is supported by the opposite
asynchronous behavior of electronic fluxes for non-tunnelling
states at energies above the potential barrier.””**'*® The present
theorem goes much beyond the result of ref. 27, however, by
proving that all CENFs associated with the tunnelling Cope
rearrangement of SBV are perfectly synchronous.

Step 2

Fully optimized structures of the equivalent R and P for SVB
shown in Fig. 16 are achieved by means of the second-order
multi-reference perturbation theory using triple-zeta basis sets
(RS2/cc-pVTZ), including a refinement at the RS3/cc-pvVTZ'”>
and MRCI+dav/cc-pVTZ' 777> levels of quantum chemistry (see
ref. 148 for the details). The results agree well with B3LYP density
functional calculations."*®'7*"”” The B3LYP valence density is
then partitioned by transformations into localized orbitals,
according to the Pipek-Mezey method.’”® The C, symmetries of
R and P suggest conservation of Cg symmetry during tunnelling.
We assume that the NCM remains at the origin of the laboratory
coordinate system. We also assume that the C1-C5 carbon-
carbon bridge is aligned with the x-axis (horizontal in Fig. 16),
for example, by means of the methods of ref. 60-65. The y-axis is
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vertical and the z-axis is perpendicular to C1-C5 bridge, normal to
the plane of the page in Fig. 16. Hence, the x-z plane serves as Cj
symmetry plane (perpendicular to the plane of the page in
Fig. 16). Below, we shall also employ cylindrical coordinates r,
¢, 2 (see Fig. 16a), as in the treatment of coherent tunnelling of B,
in Section 4.

Step 3

The symmetry-adapted set of the main directions of the NFDs,
which point from the positions of the nuclei of R to those of P,
are illustrated in Fig. 16b for C4. These main directions may be
expressed in terms of unit vectors e, in the direction of the
distance R, p — Ry r = 4,4€,, Where 4, = |R,p — R, r|. For example
e, = (0.078, 0.780, 0.626) and A4, = 0.479 A for carbon nucleus C4
(see the inset in Fig. 16b). The position halfway between R and P
corresponds to the barrier, R, , = (R; & + R, p)/2. The pathway of
nucleus a along the main direction from R to P can be expressed
as Ry, = R r + A4.€, where A increases from 0 at R to 1 at P.
Alternatively, we can write R, ; = Ry, + A4,€, where 4 increases
from —0.5 at R to +0.5 at P. Conservation of C; symmetry implies
the equality of the main directions of various pairs of nuclei:
€c1 = €cs5 = €y, €cy = €cpy €03 = €07 = —€y, €cy = €cg (see Fig. 16D).
Similar equalities hold for the main directions of the attached
protons, denoted ey; = eys, etc., and for the centers of mass of
the related CH bonds, denoted e; = es, etc. Furthermore, the
main directions of C2 and C4 (as well as H2 and H4) are mirror
images of those of C8 and C6, respectively. Accordingly, sym-
metry implies the following equalities relating nuclear displace-
ments during the tunnelling from R to P

Acy = Acs

Ay = Ay = Age = Acs
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Step 4

The 3N,, — 3 = 45 internal nuclear mobile-type coordinates Q,,
Q2. . -,Q45 may be constructed in many ways. For example, one
may employ the method developed in ref. 179. Basically, it
consists of two steps. In the first one defines a suitable mobile
for the eight carbon nuclei and eight attached protons accord-
ing to the rules of Hirschfelder®” >’ (e.g., the mobile illustrated
in Fig. 17). Here the carbon nuclei and protons of the eight
CH bonds are assembled in diatomic subsets (C1,H1),
(C2,H2),...,(C8,H8) with corresponding 8 x 3 = 24 mobile
coordinates Ry1,x — Re1,x Ru1,y — Rea,v- - -»Rusg,z — Res,z- This
is indicated by the corresponding labels 1, 2,...,8 on the
horizontal lines connecting pairs of atoms (C2,H2), etc. in
Fig. 17. At the next level of the mobile the diatomic subsets 1
(C2,H2), 3 (C4,H4) and 5 (C3,H3) are connected with their
respective mirror images 2 (C8,H8), 4 (C6,H6) and 6 (C7,H7) in
the x-z plane and the bridge pairs 7 (C5,H5) and 8 (C1,H1) are
joined to form four subsets of two diatomics each (labelled 9, 10,
11, and 12 in Fig. 17). The corresponding 4 x 3 = 12 additional
mobile coordinates are the x- y- and z-Cartesian components of
the distances from the center of mass of one CH bond to that of
its symmetrically related partner. Analogous constructions of the
remaining 45 — 24 — 12 = 9 = 3 x 3 mobile coordinates
corresponding to Cartesian components of distances between
centers of mass of successively larger subsets of nuclei can be
deduced from Fig. 17. We finally arrive at the highest level labelled
16, which corresponds to the coordinates Sy, S,, S, of the NCM.
The 48 x 48 matrix W for the transformation from the laboratory
Cartesian coordinates to mobile coordinates, which is given
explicitly in ref. 179, is block-diagonal, comprising three identical
16 x 16 blocks correlating with the x-, y- and z-components.

In the second step we retain the 3 NCM and 24 (internal)
mobile coordinates for the diatomic subsets (C1,H1), (C2,H2), and

Acs = Acr (1252) so on, but replace the remaining 12 + 9 internal mobile coordi-
A = Ays, ete. (125b) nates by a linear combination, Q,, that accounts for the motions
of all nuclei during tunnelling from R to P. In practice, Q; is
Ay =As= A4 5 constructed by a sequence of unitary transformations of W."”° For
the present purpose, however, it is not necessary to carry out these
Ay=Ays=Ag=Ag=Ayaes transformations. Rather we can take a straightforward shortcut to
Q; (shown immediately below in Step 5) that exploits the con-

A3 =47 = 43, (125¢) servation of C; symmetry during tunneling from R to P.

16
15
14
13
9 10 11 12
1 2 3 4 5 6 7 8

Cc2 H2 (02:] H8 C4 H4 Ccé6 H6

Cc3 H3 c7 H7 C5 H5 C1 H1

Fig. 17 Mobile for carbon nuclei C1,...,C8 and attached protons H1,...,H8 of SBV.
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Step 5

To derive the 1D model for tunnelling from R to P along the
coordinate Q;, we construct the mobile according to the
sequence of steps outlined in Step 4, but we also introduce
the following 3 + 8 x 3 = 27 constraints:

S;=8,=5,=0 (126a)

ACaeCa = AHaeHa = Aaea = ea(MCACa + MHAHa)/(MC + MH)
(126b)

Fig. 16b shows that this approximation is reasonable. The shifts
of the centers of mass of the CH bonds, 4,, are fixed by the
structures of R and P, which are determined in Step 2. As a
consequence, Q; should describe motions of all nuclei subject
to the constraints (eqn (126)). Hence, Q, is a linear combination
of the remaining 21 mobile coordinates, which in turn are
linear combinations of the centers of mass of the CH bonds.
A derivation analogous to that leading to eqn (99c¢) for B, then
yields an expression for the shift of Q; from R to P as a sum of
the shifts of those centers of mass, namely
8
AQ1 =) A;=443468 +2437+ 2415 (127)

a=1

The second equality in eqn (127) is a consequence of the
conservation of Cs; symmetry. Moreover, an Ehrenfest-type
argument, analogous to the one that leads to eqn (99b), gives

8 8
mAQ =Y (Mcdca + Mudn,®) 2 (Mc + Mu)A.”
a=1 a=1
= (Mc + My) (442465” + 24377 + 24, 5%)
(128)

The second and third equalities in eqn (128) are consequences of
the approximation (eqn (126b)) and the conservation of Cs sym-
metry, which implies the relations in eqn (125). From eqn (127)
and (128) we obtain the reduced mass associated with Q,
i (Mc + My) (4424657 + 2437 + 24, 5%) (129a)
L=
(42465 + 2437 +2415)°

Inserting the values 4,465 = 0.479 A, 437 = 0.089 A and Ay 5 =
0.012 A obtained from Step 2, we get

Uy = 0.208(M¢ + My) (129b)

The reduced mass y; is clearly dominated by the large shifts
Az 465 associated with the movements of the nuclei that
participate in breaking the old C4-C6 bond of R and making
the new C2-C8 bond of P; all other shifts are much smaller.

Neglecting those other shifts, we have the approximation
W = (Mg + My)/4 (129¢)

which is derived in ref. 133 by exclusive consideration of the
motions of the nuclei that participate in bond breaking and
bond making, and is also used in ref. 18, 27 and 44. Finally,
from eqn (128) and (129c) we obtain

AQ; = 2.072 A (130)
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The convention Q, , = 0 at the barrier implies that the collective
internal nuclear coordinate Q, is given by the expression

Q1 = AAQ4/2

which is related to the motions of the individual nuclei by

(131a)

R, = R, + A€, (131b)

The special values iz = —0.5 and /Jp = 0.5 give the coordinates
corresponding to R and P, respectively.

We note that the assumed orientation of the C1-C5 bridge
parallel with the x-axis implies that during tunneling
the molecule rotates about the y-axis by a few degrees. If we
fixed the overall rotations instead, then the C1-C5 axis would
rotate about the y-axis by a few degrees, thus compensating
the opposite small-angle rotations of the “ring” of carbon
nuclei C2-C3-C4-C6-C7-C8. Either choice leads to the same
conclusions.

Step 6

The tunnelling time 7 = 1940 s for Cope rearrangement of SBV is
taken from ref. 123.

Step 7

The NPDs of R and P, their difference, and the time evolution of
the NPDs during tunnelling isomerization of SBV from R to P
and back are computed for the 1D model, in a fashion entirely
analogous to that of Step 7 of Section 4 for the tunnelling
isomerization of B,. The resulting difference of the NPDs of P
and R is shown in Fig. 18a, embedded in the double well
potential V(Q,), where Q; = AAQ,/2 (see eqn (131a)). The time
evolution of the NPD is illustrated by the contour plot in
Fig. 18b. These results for SBV are entirely analogous to those
for B, (compare Fig. 18a and b with Fig. 12b and 13 (top left
panel), respectively).

Step 8

The calculation of the NFDs along the main directions during
tunnelling isomerization of SBV is also entirely analogous to
that described in Step 8 of Section 4. The result for SBV is
shown as a contour plot in Fig. 18c, which is analogous to
Fig. 13 (top right panel) for B,. Fig. 18c confirms the counter-
intuitive effect that was first reported in ref. 18: the maximum
values of the nuclear fluxes are observed at the potential
barrier, halfway between R and P.

Step 9

The EPDs of R and P and their difference, which are evaluated
by the methods described in Step 2, are partitioned into
different categories (‘“‘cat”) based on the localized molecular
orbitals.’”® We distinguish the core electrons (localized at the
carbon nuclei a = 1, 2,...,8 (cat = ¢, a)), six pericyclic electrons
that contribute to pericyclic electron transfer, correlating with
changes in the Lewis structures of R and P (cat = peri), and the
other valence electrons (cat = oval) that account, for example,
for the CH bonds not associated with changes in the Lewis
structures of R and P.**

Phys. Chem. Chem. Phys., 2015, 17, 29421-29464 | 29451


http://dx.doi.org/10.1039/c5cp03982g

Published on 17 September 2015. Downloaded by Shanxi University on 19/04/2017 14:37:09.

Perspective

energy / eV
o

(b) Density
1 2.00
V 175
1.50
-
r as
£ 05
= 0.75
0.50
has
0 0.00
(c) Flux Density
1 T 0.0016
0.0012
0.0008
-
s 0.0004
g 05
E
~-0.0004
~-0.0008
-0.0012
s
" o5 0 0.5
A

Fig. 18 (a) Double well potential for Cope rearrangement of SBV. Hor-
izontal line indicating mean energy of lowest tunneling doublet serves as
base-line for continuous curve, which represents difference of nuclear
densities of product P (right) and reactant R (left). Variable 4 (abscissa)
assumes special values 4 = —0.5, 0.0, and 0.5 at bottom of potential well
for R, at potential barrier, and at bottom of potential well for P, respectively.
(b) Contour plot for time evolution of nuclear probability density from R at
t=0to Patt=1/2and back to R at t = 1, during coherent tunneling.
Tunneling time © = 1940 s is taken from ref. 123. (c) Contour plot of
corresponding nuclear flux density, with maximum value at time t = 7/4, at
potential barrier.

Step 10

The symmetry-adapted main directions of the EFDs during
tunneling isomerization of SBV are determined separately for
each category of electrons, as in Step 10 of Section 4 for the
tunneling isomerization of B,. We consider first the electrons
in core orbitals localized at the carbon nuclei. For a given
nucleus g, the corresponding electron densities (pe ncmie,o(X)) Boar
of R and (pe ncmie,a(X))roa,p Of P are localized and centered at
R, r and at R, p. The localized core EFDs therefore point from
R, r to R, p (i.e., in the same directions ec, as the shift in carbon
nuclei) in tunnelling from R to P. This confirms an important
result of Step 10 of Section 4, i.e., that the core electrons flow
with the nuclei.

Next we focus on the symmetry-adapted main directions of
the EFDs of pericyclic electrons. Some important properties of
the EFDs of the other valence electrons have already been
reported in ref. 44. These EFDs point from centers of the
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negative regions of the population density difference
<Ape,NCM;peri(x)>BOA = <pe,NCM;peri(x)>BOA,P - <pe,NCM;peri(x)>BOA,R
to positive regions. These centers of positive or negative differ-
ence are arranged on the molecular perimeter, essentially along
the ring of carbon nuclei C2-C3-C4-C6-C7-C8-C2 about the
z-axis. The way along this ring may be mapped onto the
cylindrical coordinate ¢. Integrating the pericyclic product
and reactant densities (pe ncgperi(X))poa,p AN (PencM;peri(X))BoaR)
as well as their difference (Apencmsperi(X))Boa, Over the comple-
mentary cylindrical coordinates r and z (as in eqn (123)), we obtain
the corresponding 1D angular pericyclic electron densities
</)e,NCM;peri,1D,<p(<P)>BOA,Py <pe,NCM;peri,1D,<p((p)>BOA,R7 as well as their
difference  (Apencaperi,ip,o(®))poa- These are illustrated in
Fig. 19a. The symmetry-adapted main angular flux directions
point from the negative to the positive domains of the pericyclic
EPD difference. Apparently there are six major domains with
alternating positive and negative signs of (Ape ncmsperi, 1p,0(®)) Boa-
The nodes between these domains are located close to the
positions of the carbon nuclei C2, C3, C4, C6, C7, C8. From this
intermediate result we may already speculate that Cope rearrange-
ment of SBV in the tunnelling domain should involve six domains
of pericyclic angular EFDs with alternating directions. This con-
jecture is supported by comparison of Fig. 19a showing the
difference of the angular pericyclic electron densities of R and P
of SBV with the upper panel of Fig. 15 showing the difference of
the angular densities of the valence electrons of R and P of B,. The
latter has four domains with alternating signs and nodes at
angular positions halfway between the boron nuclei, thus giving
rise to four angular EFDs with alternating directions during
tunneling isomerization of B, (see the lower panel of Fig. 15).

Step 11

We determine the EFDs of different categories of electrons
along their main directions during tunnelling isomerization of
SBV by integrating the differences of the corresponding electro-
nic densities of P and R determined in Step 10 over the appro-
priate complementary coordinates to obtain the 1D flux. Again,
this step is entirely analogous to its counterpart for the tunnel-
ling isomerization of B, (see Section 4).

We consider first the EFDs of core electrons. As for By, the
underlying population density differences of P and R resemble
those for the nuclei (i.e., they have bell-shaped negative and
positive distributions centered at positions of the nuclei a
corresponding to R and P). The EPDs are slightly broader, with
slightly lower peaks compared with the NPDs, essentially because
of the greater delocalization of core electrons compared with the
nuclei. Integrating these density differences (multiplied by —1)
over the complementary coordinates yields the corresponding
characteristic symmetric shapes of the (beyond BOA) fluxes
(1D EFDs) of core electrons during tunneling isomerization of
SVB from R to P, analogous to those for B,. We note in passing
that ref. 44 presents selected results for the fluxes of core
electrons along angular directions. It is emphasized, however,
that these angular directions are not the main directions of the
fluxes of core electrons. Hence, the results for core electrons in
ref. 44 are less relevant compared with the present results.
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Fig. 19 (a) Angular probability densities of pericyclic electrons that con-
tribute to changes in Lewis structures of SBV (see Fig. 16) upon Cope
rearrangement in the domain of coherent tunnelling from reactant (R,
blue) to product (P, green), and their difference (P—R, red). Vertical arrows
with cyclic labels 1, 2,...,8, 1 indicate angular positions of nuclear centers
of mass of CH bonds halfway between R and P. (b) Corresponding angular
flux density of pericyclic electrons. Horizontal arrows (— and «) indicate
clockwise and counterclockwise fluxes. (c) Lewis structure of R with curved
arrows showing alternating (“pincer-type”) angular fluxes of pericyclic
electrons. Numbers at arrows specify maximum numbers of pericyclic
electrons transferred by these fluxes.

Finally, we examine the angular EFDs of pericyclic electrons.
According to the general theory of Section 2.8, a prerequisite for
the calculation of any angular EFDs (je ncm;1p,0(, t)) is knowl-
edge of its value (jenomp,o(o, ¢)) for at least one specific
angle ¢, (see eqn (62a) and (63a)). In the case of tunnelling
isomerization of SBV, we employ conservation of Cg symmetry
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to deduce the result {je nom;ip,0(@0 = 0, £)) = 0, for all categories
of electrons, including pericyclic electrons. Otherwise the elec-
tronic fluxes would either break Cs symmetry or they would
have contributions from ring currents in electronic excited
states.”® Because of the symmetry of the system, the condition
(Jenom;1D,0(@0 = 0, £)) = 0 implies that the angular fluxes of all
categories of electrons must also vanish at ¢,’ = n. Below we
point out two additional pairs of special angles for zero pericyclic
electron fluxes, which can be expessed as symmetry-adapted sets
{£¢," and © £ ¢,"}. Although their existence can be predicted by
means of the selection rule for the directions of pericyclic
angular fluxes,”® there is no a priori way to deduce the value of
¢o’. Using the angle ¢, = 0, we apply eqn (123) to evaluate the
pericyclic electron flux (je nomsperi,ip,0(®, £))bBoa,r in the “beyond
the BOA” approximation. The calculation is completely parallel
with that of the angular fluxes of valence electrons during
tunneling isomerization of B,. The result is shown in Fig. 20
as contour plot, together with a contour plot for the time
evolution of the pericyclic EPD (pe nom;peri,1p,0(®5 £))bsoa,r (cOM-
pare with the analogous expression in eqn (124) for B,). The
vertical arrows in Fig. 20 indicate the angular positions of the
carbon nuclei, in cyclic order 1, 2,.. .,8, 1, at the potential barrier
halfway between R and P. The angular pericyclic flux during
tunneling from R to P apparently consists of six parts with
alternating a, ¢, a, c, a, c directions, indicated by horizontal
arrows — (clockwise, a) or « (counterclockwise, c). Extreme
values are attained at ¢ = t/4 (i.e., at half the tunnelling at time
from R to P). The angular positions of the extreme values of the
fluxes coincide with the positions of the carbon nuclei C2, C3,
C4, C6, C7, C8 at the barrier, which can be seen in the plot of
Fig. 19b on a finer scale. Apparently, conservation of Cy symme-
try implies equal absolute values of the maximum fluxes of
pericyclic electron fluxes through observation planes at the
barrier positions of nuclei C2 (a), C4 (a), C6 (c) and C8 (c).
Smaller local maximum values are obtained at C3 (c) and C7 (a).
The corresponding arrows are mapped in Fig. 19¢ onto the series
of six curved arrows with alternating a, c, a, ¢, a, c directions
embedded in the Lewis structure of R. In contrast to the
diagrams in most textbooks on organic chemistry, they do not
show the cyclic c or ac patterns, but rather a pincer-type pattern
of alternating a and ac parts.

In order to quantify the curved arrows in the Lewis structure of
R symbolizing pericyclic electronic fluxes during tunnelling from
R to P, we determine the number of pericyclic electrons that are
transferred. These numbers, commonly referred to as yields, are
evaluated as time integrals of the pericyclic electron fluxes from
t =0 (R) to t = /2 (P). The corresponding time integral of the
temporal factor (m/t)sin(2mt/t) of (e nomyperiip,p(® t))bBOAR
(see eqn (123)) is equal to m/4. As a consequence, the yields
are obtained by simply scaling the angular factors of
(Je,NCMperi, 1D,0(®5 t))bBoA,R DY the factor 7/4. The absolute values
of the maximum numbers of pericyclic electrons transferred
from R to P at the barrier positions of carbon nuclei C2, C3, C4,
Ce, C7, C8 are 0.63, 0.23, 0.63, 0.63, 0.23, 0.63, respectively (see
Fig. 19b). These numbers are attached to the curved arrows in
the Lewis structure of R in Fig. 19c. The maximum total
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Fig. 20 Contour plots of time evolution of angular electronic probability densities (left) and flux densities (right) during Cope rearrangement of SBV in
tunnelling domain. Vertical and horizontal arrows correspond to those shown in Fig. 19.

number of pericyclic electrons transferred during Cope rear-
rangement of SBV in the tunnelling domain is thus equal to
2.98. For comparison, we note that the number of pericyclic
electrons transferred from one bond of R to the neighbouring
bond of P through an observation plane that moves from R to P,
is of course smaller than 2.98; specifically it is equal to 1.1.>” In
any case, the result of the present quantum computation of the
number of pericyclic electrons transferred between neighbouring
bonds during the model Cope rearrangement of SBV suggests that
the textbook rules'* ™% (i.e., cyclic series of curved arrows sym-
bolizing the transfer of two electrons per curved arrow) need
significant refinements. As we demonstrate, the number of trans-
ferred electrons that result from application of this rule in the
present case of SBV, namely 6, is far too large.

6 Summary and conclusions

In Section 2 we develop the quantum theory of concerted
electronic and nuclear fluxes (CENFs) that accompany electroni-
cally adiabatic processes. Its applications in Sections 3-5 leads to
important new insights into the nature of the CENFs associated
with fundamental processes such as vibration and dissociation of
single-electron diatomics (Section 3), as well as more complex
processes such as chemical rearrangements of polyatomic
inorganic (Section 4) and organic (Section 5) molecules.

A key development in Section 2 is the derivation of practical
formulas for 1D flux densities (or fluxes) in specific directions.
The derivation starts with the Schrodinger equation, whose
formal solution yields a multi-dimensional continuity equation
(CE). The multi-dimensional CE can then be reduced to a 1D CE
that relates the rate of change of the probability density to the
(1D) divergence of the corresponding flux density. The reduction
is achieved by integration of the multi-dimensional CE over all
coordinates, except the special one that describes the specific
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process of interest. The formula for the relevant 1D flux density
(flux) is then obtained by integrating the rate of change of the
(reduced) probability density over the special coordinate and
invoking an appropriate boundary condition on the resulting 1D
flux. This route to 1D fluxes was pioneered by Miller'®"" for
applications to nuclear fluxes on the reaction coordinate of
adiabatic reactions; here it is generalized for CENFs. The deriva-
tion employs mobile type coordinates that diagonalize the
nuclear kinetic energy operator in the nuclear center of mass
(NCM) frame.>” " It invokes standard approximations (i.e., it
neglects the effects of relativity and mass polarization and
neglects the difference between the NCM and the total center
of mass and between the electronic reduced mass and the
electron mass). But it does not invoke the Born-Oppenheimer
approximation (BOA), since all electronic fluxes vanish identically
within the BOA. This approach, which reveals electronic fluxes
“beyond BOA,” is validated in Section 3, where it is applied to the
prototype (aligned, vibrating H,"(*Z,")), yielding CENFs in excel-
lent agreement with benchmark results obtained by accurate, fully
quantum B-spline spectral technique.*® We are aware of no other
successful comparisons of independent numerical computations
of CENFs analogous to the one described here. Section 3 also
presents an encouraging comparison of 3D CENFs obtained by
the scaled coupled-channels theory®® with accurate benchmark
results,*® again for the prototype.

A significant finding of Section 2 is the synchronicity of all
CENFs associated with coherent tunneling between equivalent
reactant (R) and product (P) configurations of isolated mole-
cules. A practical definition of the main directions of CENFs
during coherent tunneling is also introduced in Section 2. It is
found that the CENFs point from negative to positive domains
of the difference of the densities of P and R. For NFDs, these
directions are well approximated by the (vector) difference
between classical equilibrium positions of the nuclei in R to P.
Yet another illuminating concept is the partitioning of EFDs
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into different categories corresponding to the character of the
electrons (e.g., EFDs for core and valence electrons, corres-
ponding to (reduced) densities of core and valence electrons).**
This partitioning relies on the possibility of expressing the total
electron density approximately as a sum of (canonical) mole-
cular orbital densities.

Specific new phenomena have been demonstrated for all
model systems considered in Sections 3-5. Thus for the proto-
type we show the EFDs to be rather smooth compared with
highly structured NFDs. This disparity is a consequence of the
much lower mass of the electron compared with the nuclei,
which leads to greater delocalization of the electrons compared
with the nuclei. Nevertheless, even the EFDs may exhibit rich
structure (e.g., multiple changes of the direction at a given
instant). We might call this alternation of direction of the EFDs
in space as the ‘“electronic accordion effect” by analogy to the
“nuclear accordion effect”.® Furthermore, we can distinguish
competing CENFs corresponding to vibration and dissociation,
as well as interference between the two, in the case of isotropic
H,'(*Z,'(J = 0, M = 0)) (the “quantum bubble”).

For the relatively simple, but highly didactic, process in a
model inorganic system, namely the isomerization of B, in the
tunneling domain, we demonstrate in Section 4 that core elec-
trons flow with the nuclei. This confirms chemical intuition. In
contrast, however, valence electrons may flow in oblique direc-
tions. We discover beautiful angular flux patterns of the valence
electrons, with alternating a-c-a—c directions (“a” = clockwise,
“c” = counterclockwise). Of course, all CENFs are synchronous, in
accord with the general theorem derived in Section 2.

In a more demanding treatment of coherent tunneling in a
model organic system in Section 5, we compute the CENFs
associated with the Cope rearrangement of semibullvalene
(SBV), a so-called ‘““‘peri-cyclic’’ reaction. The several phenom-
ena discovered for B, are also observed for SBV, suggesting the
following extrapolation to tunnelling isomerizations in arbi-
trary systems: the synchronicity of all CENFs and the flow of
core electrons in concert with the nuclei, in contrast with
“pericyclic” electrons, which exhibit alternating clockwise
and counterclockwise angular flux patterns, corresponding to
“pincer-type” movement represented by a sequence of curved
arrows in alternating directions in the Lewis structure of R.
This implies that “pericyclic”” reactions are not really pericyclic.
We find that the maximum yield of “pericyclic” electrons for
the Cope rearrangement of SBV is a little less than 3, whereas
the textbook rule would predict a transfer of 6 pericyclic
electrons.™* % The discrepancy can be traced back to incor-
rect assignments of two and one pericyclic electrons localized
in double and single bonds of the traditional Lewis structure of
R. In fact, the “pericyclic” electrons turn out to be delocalized
beyond the double or single bonds (i.e., they penetrate into the
domain of the neighboring bonds). As a consequence, they
already partially occupy the region of the new bonds before
flowing. It is not necessary for them to flow. Hence, the total
number of electrons that actually flow is only approximately
half of the numbers of transferred electrons estimated by the
textbook rule.
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The wealth of new discoveries documented in this perspec-
tive reflects the youth of the field of study of CENFs. It is easy to
predict that future investigations will lead to exciting discov-
eries of rich, new phenomena associated with electronically
adiabatic reactions in highly idealized model systems as well as
practically important organic and inorganic systems. There
is also plenty of room for additional fundamental and metho-
dological development. Extensions to asymmetric systems
(e.g., coherent tunneling in molecules exposed to a symmetry-
breaking laser dipole interaction'®®) or to multi-dimensional
models come easily to mind. A specific challenge is to observe
the predicted CENFs experimentally. The recent deduction of
the first experimental NFDs associated with vibrations of
Na, and D,", derived from pump-probe spectroscopy,®*5":182
suggests possible analogous observations of EFDs. This is
supported by recent developments of experimental techniques
for the study of electron dynamics,'®*™'®*® in particular for
specific categories of electrons that contribute to electron
transfer.'®” Work along these lines is in progress.

Appendix A
A.1 Multi-dimensional continuity equation

The transformed Hamiltonian (see eqn (24)) can be written

2 Ne 3Ny hz 82

T ome Z ZZHJOQJ

where the “squiggle” over Q, indicates that the summation on o
includes the NCM coordinates as well as the “internal” nuclear
coordinates. The multi-dimensional Schrédinger equation is

07(q,Q,1)
ot

V(q,Q) (A1)

HY(q,Q,1) = if (A.2)

where q and Q respectively stand for collections of electronic
and nuclear coordinates. The probability density for observing
the system to be in the configuration (q, Q) at time ¢ is

p(q, Q, t) = |¥(q, Q 1) (A3)

We take ¥ to be normalized. Differentiating eqn (A.3) with
respect to time, we obtain

ap(‘vaJ) _ * M aq’(‘l»QJ) " ag’* ((LQJ)

T =¥ (q7 Q7 [)T + l[l(q7 Qv [)T
= - %[‘P*H‘P — YHY

(A.4)

where the second line follows from eqn (A.2). Substitution of
the explicit expression for H (eqn (A.1)) into eqn (A.4) yields

% _ —i i (VY W — WV, )
ot 2imt Y o

(A.5)
4,222

[P *W /0Q,> — PO P /00,
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where the contributions from the potential energy cancel each
other. Eqn (A.5) can be rewritten

3Nn

+ i Ve, -Ji + Z (A.6)

where
- 7i . .
Ji(q,Q,1) = 2im€['ff Vo ¥ — ¥V, V] (A.72)
- 7 - -
J.(q,Q,1) = i [P*0Y /00, — YOV*/00,] (A.7b)

Eqn (A.6) is the multi-dimensional continuity equation (CE).>
The quantities defined in eqn (A.7) can be regarded, respec-
tively, as electron and nuclear flux densities in the 3ND space
(where N = N, + N,) of particle coordinates. All flux densities
have dimensions 1/L*V T,

A.2 Reduction of the multi-dimensional continuity equation

Integrating eqn (A.6) over all nuclear coordinates and all
electronic coordinates except those of the “first” electron,
we obtain

Q1T [ea0rta. .0 /21-+ 3 [aavs,

J#l k#1
: Jdc)#lgl J'dq_,-Jk + Vg, - JdQ/l;[l JdQ/Jl (A.8)
+ Z Jan 5. ﬁll Jd()/f /1} quﬂ =0

The second and fourth terms of eqn (A.8) vanish. We can recast
the second term as

ZJkoqu JdQ H JdeJk = qukVQ/c f1(qy, 494, 0)

k-1 JEk#1

= [ dSn- fl(qlvqu t)
JS
(A.9)

where the vector function f; is defined implicitly and we exploit
the divergence theorem to get the second line, regarding the
vector q, as a parameter. The surface S must be at an infinite
remove, as the integration on q; runs over an infinite volume.
Since ¥ is normalized, the surface integral must disappear.
In a similar way the fourth term disappears according to the
following:

3 Ja0.55 11 [a0sT] foar-

o % Bt j#1

(A.10)

_ZJdeaQ F ql?Qy)

:ZFm(qvax:OO)_

Fﬂc(ql7Q3< = —OO) =0
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where the ancillary function F, is defined implicitly. The
continuity equation (eqn (A.6)) then reduces to

Hena 004, fivfay ) = 0 (a11)
where
(o 1) = JdQ 11 jdq,mq, Q.1) (A.12a)

j#1

7i ~
(i(ar,0) = ﬁJdQ 11 qu, [V'Vg, ¥ — PV, 7] (A12D)
€ j#l

are, respectively, the probability density of observing electron 1
in volume element dq, about q, and the flux density of electron
1 at point of observation q;. We can derive the analogue of
eqn (A.11) for the other electrons, so that for any particular
electron i we can write

Api(x, 1))

UV Gix, 1) = 0

(A.13)
where

(pi(x,1) = JdQ 11 qu/p(q7 Q.1 -, (A.14a)

J#i

h

2ime

[dQH‘dq/ [PV, ¥ — ¥V, ¥y -
J#FI

(A.14b)

where x denotes a point in 3D space. Summing eqn (A.13) over
all electrons and invoking the equivalence of electrons, we get
eqn (31a).

Integration of the multi-dimensional CE (eqn (A.6)) over all
electronic coordinates produces

~ 0
Jaanta. @001+ 3" a0 - TT faaae + 3255 faar =0
k J#k o o
(A.15)

Again appealing to the divergence theorem and the normal-
ization of the wave function, we deduce that the second term of
eqn (A.15) is zero. Thus, we obtain a reduced CE for the nuclear
coordinates:

pa(Q.1) /5f+z Joa(Q, 1)) = (A.16)

where we define
(Pn(Q, 1)) = qup(q, Q1) (A.17a)
<Jno<(Q7 t)> = “qua(q, Q, l) (A.17b)
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By integrating eqn (A.16) over all except one of the nuclear
coordinates, say Q,, we get

aLHﬁ[dQﬁ@n(Q,z»} / o1

-0 [ = A
+3° [d0p—~— d0y(Jop (Q.1))
ﬁ/#aJ ! 00 H J '

B\ Brap

(A.18)

+

0
00,

I1 fs2s @) <o

p#a

The second term of eqn (A.18) disappears as a consequence of
the same reasoning applied to the fourth term of eqn (A.8).
Hence, eqn (A.18) reduces to the 1D CE

(s, 1))

00 (0n 1)) 01+

=0 (A.19)

Note that the dimensions of the terms are 1/LT. For the 1D

model (see Section 2.6) eqn (A.19) is equivalent to eqn (44b).
By manipulations paralleling those employed above we can

derive the version of the 3ND CE in the laboratory coordinates:

Nn

+qu[ J+Z > aR, Juy =0

=1 y=x,y,2

(A.20)

here y labels Cartesian components of the nuclear coordinates
and the 3ND nuclear flux density is given by

i
2iM,

Jo(L,R 1) = [P*0¥/OR. — POV* OR,) (A.21)

A.3 Relation between nuclear flux densities in the laboratory
and internal frames

To compute the flux density associated with the Cartesian
component R,, of nucleus a at point of observation R (i.e., the
flux of nucleus a in the y-direction at point of observation
having the Cartesian component R,, = R), we multiply
eqn (A.21) by the Dirac distribution (R — R,,) and integrate
over all laboratory coordinates. This procedure gives

i

o fel o T

b#a 1

(jay(R, 1)) = J.dr “dR(S(R — Rey)Jay (r,R, 1)

x [P 0¥ /OR.y —

~ M Jd’ 11 HJdR/7/ I1 JdRM,

b#a 1 N

POY* /ORq, |

X [V OV [ORs — POV [OR4)

Ry=R
(A.22)
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We now transform from laboratory to internal nuclear (plus
NCM) coordinates. From eqn (18) and (19), we have

Ra?" = Z [Wﬁl]a;wQ“

o

(A.23a)

0 = 0
=>» W] — A.23b
aRa"y ; [ :Iay;fxaQa ( )
Substituting these relations into the second line of eqn (A.22),

we get

- [Wl]a;x;[)‘QN/”:|

<J'av(R7 l)> 2iM, quJdQé B

oY oy*
XZ { 8Qa_W0Q~j o

1 M 3 ~
- M{/qu[dQé |:R - 2[3: [Wl]a}';/)’Ql?:|

- h oY 8?’*

x> Wi, m*{ﬂ”* - }

o e Zlfui 6Q7 aQoz

where we note that the Jacobian is |det(W)|™' = 1. We next

integrate over Q,. For this purpose, we recast the Dirac
distribution as

5 [R -3 [WIL,WQ%

(A.25)

where the second line relies on the identity §(ax) = |a| '(x).
Plugging eqn (A.25) into eqn (A.24) and integrating on Q, yields

1 [WT} ay;o I A
0w e L

(e (R, 1))

o« B#a

[*aw aw*]

X |V —

00, 00 |or/ (W), - (V)00 (V)
p#

o

(A.26)

For the 1D model, which involves only a single special coordi-
nate, eqn (A.26) reduces to

(Ji (R, 1)) = “MQ (R/W,001))

ayo

(A.27)

in accord with eqn (51).
A possible alternate route to the relation between laboratory
and internal nuclear fluxes is the following. From eqn (A.23b)
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we have

Iy 0P _ 1 S (W By OF

= u”y:ac'u“E 00,

: = A28
iM, OR, M,% (A.28)

where we pre- and post-multiply by ¥* and ¥, respectively.
Adding eqn (A.28) to its complex conjugate yields

2
OR,  OR,

h {*aq/ aw}

(A.29)

~ / ok 4 ov*
= wT — |V = - P
M" zoc: [ L[«ﬁo“umznuoc [ an{ 8Qa:|

Using the definitions in eqn (A.7b) and (A.21), we can cast
eqn (A.29) as

1 ~
Jﬂ‘r‘(rvRv t) = M Z [WT] ay;o

a g

:u'x‘]l (‘L Q? t) (ASO)

or, in matrix form as

JL=M"'WihJ (A.31)

where the subscripts I and L are intended to distinguish between
“internal” and “laboratory.”

Incidentally, one could take eqn (A.30) as the starting point
for the derivation of eqn (A.26). That is, one could multiply both
sides of eqn (A.30) by (R — R,,) and integrate the resulting
equation over all electronic and nuclear coordinates.

Appendix B

Our purpose here is to provide a brief derivation of eqn (101).
We begin by observing in eqn (100) that the mobile-type
coordinates {Q,, Q, Qs, S;} depend only on the z-components
of the laboratory Cartesian coordinates of the atoms; the
remaining mobile-type coordinates {Q, Q3, Qu, Qs, Qs, Qo, Sx,
Sy} depend only the x- and y-components of the atomic coordi-
nates. As a consequence the rows of eqn (100) may be reordered
so that W assumes block-diagonal form: a 4 x 4 block corres-
ponding to the first subset of mobile-types and an 8 x 8
corresponding to the second subset.

To demonstrate the procedure, we consider the set of four
equations, which can be written explicitly as

0 12 —1/2 12 12\ /Z
Q7 0 1 0 -1 Z>
- (B.1)
QS -1 0 1 0 Z3
S, 1/4 1/4 1/4 1/4 7

The determinant of the reformed 4 x 4 sub-matrix is unity.
From eqn (20) and (B.1) we have the following relation between
the components of momentum conjugate to laboratory and
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mobile coordinates:
Py 1/2 0 -1 1/4 P
Py, -1/2 1 0 1/4 P
= (B.2)
P 1/2 0 1 1/4 Py
Py -1/2 -1 0 1/4 Py,

where we note that the matrix in eqn (B.2) is just the transpose
of that in eqn (B.1). The contribution to the nuclear kinetic
energy of the four z-components of the laboratory momenta can
then be written in terms of the mobile momenta as

Ty = (M) [Pi.” + Py + Py.” + Py’ = (2M) [(Py/2 — Pg + Ps /4)?
+ (=Py/2 + P; + Ps /4)* + (Py/2 + Py + P /4)
+ (=Py/2 — P; + Ps /4)] (B.3)

where the coefficients of the mobile components for a given
laboratory z-component are just the elements of the corres-
ponding row of the matrix (see eqn (B.2)). It is straightforward,
but arduous, to show that the cross terms in 7, vanish, leaving
the diagonal contribution

Ty = P,°/2(Mg) + P;*/2(M/2) + Pg*/2(Mg/2) + Ps */2(4M3)
(B.4)

Applying the same procedure to the second set of eight equa-
tions, we obtain

Tg = P1%/2(Mp/4) + P5*/2(Mg) + Py*/2(Mg) + P5*/2(Mg)

+ Pg’/2(My/4) + Po*/2(Mg) + Ps */2(4Mg) + P5y2/2(4MB)
(B.5)

Eqn (B.4) and (B.5) are so written as to indicate the reduced
masses associated with the mobile coordinates, which are: u; =
He = Mpl4; lp = lig = [ty = Us = [lo = Mp; 17 = g = Mp/2; Hs = Hs, =
tis,= 4Mg. The sum T, + Ty is equal to T, given by eqn (101).
It is instructive to derive expressions for the reduced masses
of the mobile coordinates via the intuitive approach described
in the text just below eqn (22) or (98). For example, we consider
Q,, the out-of-plane bending vibration. According to the sche-
matic diagram in Fig. 11, atoms 1 and 3 move in the positive
z-direction as atoms 2 and 4 move in the negative z-direction.
We regard the 1-3 and 2-4 diatomic pairs as pseudo-atoms. The
motion of their centers of mass with respect to each other along
the z-axis constitutes a vibration, whose associated reduced mass
is up = 2Mp x 2Mg/(2Mp + 2Mg) = My, which agrees with the
analytic result obtained above. The diagram for Q, (see Fig. 11)
depicts rotation about a line (i.e., the x-axis) passing through
atoms 1 and 3. The atoms 2 and 4 constitute a pseudo-diatomic
rotating in the x—y plane. The associated moment of inertia is
I = uR> = Mg[(R/2)> + (R/2)?], where each of the atoms of the
diatomic is a distance R/2 removed from the axis of rotation. We
conclude that p; = Mg/2, which is in accord with the analytic
result. A similar argument can be applied to Qg, which is rotation
about the y-axis. The translation of the whole molecule in the
z-direction is described by S,. The associated reduced mass
must therefore be the mass of the whole molecule, ug = 4Mp.
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Similar rationales can be used to derive the reduced masses of
the modes in the second set of mobile-types.

Appendix C

According to eqn (51b),

. My m
el =0T

the fluxes of the individual nuclei a along Cartesian coordinates
R,, are proportional to the fluxes associated with the mobile-
type coordinate a. Our purpose here is to show that, for the
particular case of B, treated in Section 4, the constant of
proportionality is given by

(Ja(Qa> 1)) (C1)

w W _ e
c= AZB“\XII] = s1gn<[WTLW> (C.2)

ay;o

where we have set M, = My for all atoms.

We start with the observation that the rows of W are
orthogonal, although they are not normalized (see eqn (100)).
This condition can be expressed by

WL W)= 0. i)

(C.33)

(C.3b)

where we condense the notation temporarily, letting i and j
stand for ay and k for o. Eqn (C.3) can be rewritten succinctly as

> WaW/a? =3 WL W)y, /0 =0y ()

k

from which it follows that

We now insert this latter expression for the inverse into that for
¢ in eqn (C.2), obtaining

W, e W )
¢= s —MZWW’/E',Z = FBSIgn<[WT]ay:oc> Z [W] ac;a’y’z

ay

(C.6)

From eqn (20) we have, in the present notation, the relation
between the momenta conjugate to the Cartesian laboratory
components and the momenta conjugate to the mobile-type
coordinates:

Po= (W', P (C.7)

o

This journal is © the Owner Societies 2015

View Article Online

Perspective

Hence, we can write the total nuclear kinetic energy as

To =) Po’/2Mg = [Z (W, P / 2My
(C.8)

ay ay o
= Z P,? /2,
o
where the second line follows from the results of Appendix B.
By the same procedure we employed in Appendix B, we find
that the cross terms vanish, leaving the direct contribution

T=3" {Z w1,/ 2MB}P[X2 (C.9)

o ay

Comparing the coefficients of P,> in eqn (C.8) and (C.9), we
conclude that

}:[“WLNZ:Abz (C.10)

- Ha

Eqn (C.2) follows immediately from eqn (C.6) and (C.10).

In the specific case where ay = 3x and o« = 1, [W',,., =
[W'sx1 = 1 (see eqn (100)). Therefore the proportionality constant
in eqn (106) is ¢ = 1.

Appendix D

In eqn (106), (j3x(X3 = X, t)) is the flux density of (exemplarily)
nucleus 3 in the x-direction at the point of observation X; = X in
the NCM frame; (j;(Q1 = Q = X/[W "J35:1,t)) is the flux density in
the direction of the internal coordinate Q, at the corresponding
point of observation Q, = Q = X/[W™'];,,, in the internal frame.
Now instead of evaluating the constant of proportionality

c= ﬂ& (D.l)

Vs w1

3x;1

in eqn (106) directly, which requires the considerable effort of
inverting the matrix W, we infer that it must equal unity
through the following rationale. Note that the sign of c¢ is
determined by the sign of [W"]s,.,(see Appendix C), which is
positive.

We assume that the nuclei remain sufficiently well localized
that they can be treated classically. Hence, the flux densities are
given by

Jax(X, 1) = O[X — X3(0)]X5(0)

J1(Q, 1) = 0[Q — u(B)]Q:(1)
where X;(¢) and X;(t) are the position and velocity of nucleus 3
in the NCM frame and Qy(¢) and Q(¢) are the respective
counterparts in the internal frame. During the time interval
[t1, t,] the coordinates X; and Q, traverse the space intervals
[X3(t1), X3(22)] and [Q4(t1), Qu(t2)] Every X3(2) in [X5(t1), X5(t)]
maps into a Q4(¢) in [Q4(¢4), Q1(¢2)] during this time interval,
according to the transformation

(D.2a)

(D.2b)

Q1= Xs/[wil]sxn (D-3)
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Likewise, if the point of observation X lies in [Xj(t1), X3(t)],
then the corresponding point of observation Q lies in [Q4(t1),
Q1(t2)]-

The classical ensemble average of the mean flux density at
point of observation X in the NCM frame during time interval
At =t, — t; can be expressed as

Foul X, A1) = ZJ dza[x xOn )}Xy)(z) (D.4a)
and its internal counterpart as
J1(0.80) = NAEjdmp o]0 w.ab)

where N is the number of members (trajectories) of the
ensemble, which are labelled by index i. Thus, X{(6)[Q()]
defines the trajectory of the ith member, which is specified
by the initial phase (X¥(0), X¥(0)) [(@?(0), 0{)(0))]. Changing
variables from ¢ to X¥ in eqn (D.4a) and from ¢ to QY in
eqn (D.4b), we get

1N w)

- (i) %)

Jonl XAl = AIE:J ,(md)@ 5{){ X3] (D.5a)
1N Q(l[)(fz) s 0

ji(Q.A0) = NAIE:JqudQltﬂQ-Ql] (D.5b)

For a given trajectory i the integration in eqn (D.5a) yields

)
(12) ) )
J L dxsfx — x|
Xé')(fl)

0, if X is outside the interval | X >(11) X(')(tz)]

=91, it X)) < x <xP(n)

—1, it X' (0) > x > x{(1)
(D.6a)

Because [W '];,; > 0, the following conditions hold: if
X3(t2) > Xg(tl), thel’l Ql(tZ) > Ql(tl); if X3(t2) < Xg(t1), then
Q1(t2) < Q4(t4)- Thus, the integration in eqn (D.5b) gives

0V (1)
| ., a0

Q(l')(fl)
0, if Qs outside the interval [QE”(Zl ), Q(li)(tz)

it 0(n1) <0 < 0\ (n)
~1, it 0(1)) > 0> 0\ (1)

=191,

(D.6b)
From eqn (D.4), (D.5) and (D.6) it follows that
J1(Q, AY) = Jau(X, A?) (D.7)

In the limit Az — 0 we identify the mean values j3,(X, At?)
and j;(Q, At) with the flux densities (js(X; = X, ¢)) and
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(j1(Q1 = Q = X/[W 3.1, t)). That is
GaX,0) = Jim (X, A1)
(D.8)
= llm]l(Q At) = <]1<X/ 3“, >>
We conclude from eqn (106) and (D.8) that ¢ = 1.
If, on the other hand, it were the case that [W ']5,,; < 0,

the following conditions would hold: if X3(¢,) > X3(¢,), then

Ql(tZ) < Ql(tl) if X3(t2) < Xg(tl) then Ql(tz) > Ql(tl)' In this
case the integration in eqn (D.5b) would yield

(l)(

0, ;
J(dg 5[0 -0V
o ()
0, if Q is outside the interval [QP (1), Q(li)(tz)

=93 -1, if (1) <0< 0 (n)
L if o (n) > 0> 0V (1)
(D.9)

Then we would deduce from eqn (D.4), (D.5), (D.6a) and

(D.9) that
jl(Qa At) = 7j3x(Xa At)

and therefore, following the argument above that leads to
eqn (D.8), that ¢ = —1.

(D.10)
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