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Sonification of molecular electronic energy density
and its dynamicst

*

Yasuki Arasaki and Kazuo Takatsuka

A method is proposed for sonification of the molecular electronic energy density. The characteristic
energetic structures of the individual complicated electronic wavefunctions are extracted in terms of the
Energy Natural Orbitals (ENO), which are the eigenfunctions of the electronic energy density operator [K.
Takatsuka and Y. Arasaki, J. Chem. Phys., 2021, 154, 094103]. Then, the frequency corresponding to
each ENO energy is linearly transformed to the audible range. The time-variation of the population of
the ENO serves as the volume (amplitude) of the sound. We demonstrate the sonification and associated
voiceprints for a couple of very basic chemical bondings, from across an avoided crossing, and from the

rsc.li/rsc-advances bond dissociation of a cluster.

1 Introduction

Visualization of molecular orbitals and charge density is now
a standard tool for research and presentation in quantum
chemistry. In contrast, sonification of the molecular electronic
states has never appeared in the literature. This is presumably
because there is no appropriate source of the “sound” found from
which to benefit from.{ We herein propose a method for sonifi-
cation of the molecular electronic energy density in terms of the
associated Energy Natural Orbitals (ENO).>* We also show some
precursory applications relevant to chemical bonding.

Apart from practicalities, it would be fascinating if sound is
heard from molecules. Toru Takemitsu, one of the greatest
composers of our time, was quite often inspired for his own
composed music by the sounds of wind, falling drops of water,
and the murmur and whispering of leaves in the woods and
forests. As such a part of nature, we theoretical chemists may
have a privilege to listen to the “sound” of molecules. In the
literature are found works in which music is composed under
the inspiration of molecular structures, molecular formulae,
and so on.>” These are music deduced from molecular images.
On the other hand, Shinichiro Nakamura tried to listen to the
sound of molecules themselves by transforming the frequency
of molecular vibrations, such as the frequencies of normal
modes, to the audible range.® This interesting idea is natural,
since the molecular vibrations are well structured and factored
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1 Herman' stated that “Sonification conveys information by using non-speech
sounds. To listen to data as sound and noise can be a surprising new
experience with diverse applications ranging from novel interfaces for visually

impaired people to data analysis problems in many scientific fields”.
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to the individual oscillators having their basic frequencies and
overtone modes. However, to the best of our knowledge, there is
no study that tries to extract sound from the electronic states of
molecules and chemical reactions.

To obtain sound from the molecular electronic states, either
the ground, excited, or wave-packet states, one needs accurate
(or at least reliable) electronic energy density (note, however, it
is of no interest in transforming the total electronic energy to
sound, simply because it is too simple to appreciate the indi-
viduality of each electronic state). A straightforward way to
calculate the accurate electronic energy density would be to
adopt the method of configuration interaction, the CI in
short.®™** Then, using the Planck-Einstein relation E = #w, we
linearly transform the energy (E) to the frequency of a wave (w)
in the human audible range of 20 to 20 000 Hz. Another task is
to introduce the volume (intensity) of the sound with the use of
the amplitude of the wave.

In representing the molecular electronic “sound”, we may
consider the molecular orbitals (MO) and their orbital energies
as a primitive candidate of such an instrument. It is rather clear,
however, that MO energy is not aimed at representing the
energy structure for the following reasons. (1) MOs are neither
exact nor invariant. In particular, MOs often fail to represent the
correct energy change in chemical reactions, even in a simple
system such as H + H — H,. (2) The sum of the MO energies
deviates significantly from the total electronic energy. (3) The
occupation numbers of an MO are basically fixed at 2 for closed-
shell systems and provide no information about the amplitude
of sound. (4) MO theory itself is not designed to describe elec-
tronic excited states. Density functional theory (DFT) and other
independent-particle models do not seem to be essentially
better than MO theory. The above questions in turn demand
explicitly the kinds of quantities that should be chosen as
candidates of sonic representation.
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Our strategy towards this aim is to apply the energy natural
orbitals (ENOs), as mentioned earlier in the first publication of
ENOs.> ENOs are the eigenfunctions of the electronic energy
density operator, each having both eigen-orbital-energy (to be
transformed to audible frequency) and the valuable population
(to be adopted as the volume of the sound). ENOs fulfill all the
above conditions (1) through (4), which MO theory fails to
satisfy: ENOs can be extracted from the exact wavefunctions or
their approximations where available. The sum of the ENO
energies is equivalent to the total electronic energy, and ENOs
are all one-particle functions (orbitals) as MOs. They change
smoothly from reactants to products, or from geometries to
geometries. We are hence ready to build a molecular electronic
energy voiceprint. Polyphony of those individual sounds gives
the total molecular sound, and yet any combinations of the
individual components and even artistic modulation make
sense in specific analyses.

Therefore, as long as a way to calculate the ENOs is estab-
lished, which is not difficult given a molecular wavefunction,
the sonification is a straightforward task, which can be well
applied in sophisticated manners that appeal to the auditory
perception.» Furthermore, it is anticipated that artificial
intelligence (AI), which is excellent in finding hidden patters
and the extraction of information that is not readily accessible
by the human senses, will be highly useful.

As the first presentation of the sonification of the molecular
electronic energy density, however, the present paper only
demonstrates some primitive applications to the basic under-
standing of selected chemical bindings. They are taken out of
our formerly attained quantum wavefunctions in the study of
the very basic nature of chemical bonds for the hydrogen
molecule in the ground state and an excited state, the lowest
avoided crossing of LiF, and the bond dissociation of B,, in
a highly excited state.

In the visual medium present, we cannot help but illustrate
only limited pieces of voiceprints, which is far less impressive
than the original sounds themselves. In the ESI,7 we instead
show movies featuring the ENO spatial distribution with the
sound of ENOs. Such a combination should bring about more
vivid recognition on genuine dynamics behind molecular elec-
tronic states, bonding, and chemical reactions. The readers are
assumed to visit the ESIT in this work.

This paper is organized as follows. Section 2 outlines the
theory of ENO representation and its conversion into sounds.
Examples of molecular electronic-state sounds of the basic lower
states of singlet H, are given in Section 3, examples of states of the
LiF molecule exhibiting an avoided crossing are given in Section
4, and examples of dissociation in the B;, cluster are given in
Section 5. Section 6 concludes the paper with some remarks.

2 Unique and invariant energy
decomposition of electronic energy

We here show how the electronic energy bears an invariant
structure in it, and how the energy information may be trans-
formed to the auditory range of electronic-state sound.
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2.1 Natural orbitals as the fingerprint of electronic density

Suppose we have a total electronic-state vector |Wep.) for
an N-electron system and its wavefunction representation
Welec(qy, -, qn), where q;---qu are the electron coordinates with
q: = (r;, s;) with r; and s; being the spatial and spin coordinates,
respectively. |Weec) is normalized such that

Trl—N(|1pelec><1pelec|) = qul "'qu|1pelec(q1» ceey qN)|2

= 17 (1)

where Tr; _y indicates the trace operation over the coordinates
q:--qn- Likewise, the total electronic energy E is defined as

TrlfN(F](EI)Ppclcc) <1pclcc|) = Es (Z)

where H® is the N-electron Hamiltonian.
Then the charge density operator p is defined as

NTrZ*N(llpelec> <Ipelec|) = /5» (3)

which is normalized to N under the trace operation over q,--q.
Then the rest of the trace gives

Trip= N. (4)

Lowdin®® (see also ref. 14) defined the natural orbitals (NO) |
Ar) as eigenfunctions of 4 such that

pAl/\k> = nkMk>5 (5)

with n; being the so-called occupation numbers, each of which
lies in the interval 0 = n; = 2. The natural orbitals provide
a visual decomposition of the electronic density as a set of one-
particle functions, which can therefore actually serve as the
(visible) fingerprints. However, they are not directly relevant to
the energy quantity of the states, as the definition in eqn (5)
suggests.

2.2 Intrinsic energetic structure of electronic states

We seek for the information content about the electronic
energy. A straightforward extension of the charge density to the
energy domain is defined as

Try MH W) (Pered)) = H, (6)

which is a one-electron operator, obtained as the reduction of
the two-electron Hamiltonian operator. The one-electron trace
of A" naturally results in

TI’]I:I(U = Tr(ﬂ(el)llpelec> <lI"elec|) =FE. (7)
Since (r|H"|r) is an energy density distribution at point r,
HW is appropriately called the energy density operator. It is also

natural to extract the eigenfunctions and eigenvalues from A"
such that

HO) = ety (8)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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We call |{;) the Energy Natural Orbitals (ENOs),> and they are
ortho-normalized to unity, satisfying

ZKk)(Ck\ =1 ©)

k

and
(ClCk) = one (10)

By definition, the sum of all the eigenvalues is equal to the
total energy as

E=TrA" = D e (11)
&
We define the population of each ENO, say &, as
& = (CulplCh)- (12)

&; takes a value in the interval [0,2]. If £, happens to have a very
small population, its energy ¢, should be close to zero. That is,
the ENO energy ¢ is population-dependent.

Thus the set of energy and population of the ENOs gives an
invariant internal structure of the total electronic energy E.
Furthermore,

A" =3 et (13)
k

represents the energy distribution in any space of interest. If the

mother wavefunction ¥ .. is exact, the set of ENOs and their

energies are exact and unique, except for those having degen-

eracy in ENO energy.

Since the electronic Hamiltonian operator H® can be
decomposed into the electronic kinetic energy, the nuclear-
electronic attraction, and the electron-electron repulsion
terms, so can the one-electron operator A, Through such
a decomposition, the energy components of the total correlated
electronic wavefunction can also be determined.

2.3 Transformation to the sound

To make it possible for ENOs to be audible, a given ENO energy
range [y, &,] is linearly mapped to a frequency range [f3, f3],

_hi-h

16 = 2L e =) 41 (14
Then the amplitude of sound may be given as
) = A(sin@rf ), A = "D (1)

where the maximum amplitude 4, is determined by the ENO
population 0 =< £(¢) < 2. Any other energy range, such as that of
the electronic component energies, may be transformed into
the auditory range by similar means, except that the maximum
amplitude might be without a unique definition, such as the
one supplied by the population of the ENO.

Because the energy is time-dependent, a straightforward
implementation of eqn (15) would result in unwanted chirp.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The frequency may be kept constant for a short interval, such as
a single cycle, so that the sound intuitively corresponds to the
energy it is supposed to represent. The human ear has different
responsiveness to different frequency ranges. Some frequency-
dependent adjustments to the volume may be necessary for
best reception.

Since the energy range depends on interest and can vary
greatly, there is no single mapping to frequency that meets all
needs. In the examples below, some suggestions are made, such
as assigning notes to atomic energy for dissociation, or
including only the most significantly interacting ENO energies
in a convenient frequency range.

We herein present several examples of molecular sound in
multimedia files given as ESIL.{ The files include the following
clips, which are explained in detail in the following sections.

(1) H, 1'S; bond formation, in the ENO representation (ESI}
file: clip1.mp4).

(2) H, 2'S; bond formation, in the ENO representation (ESIT
file: clip2.mp4).

(3) LiF singlet ground state dissociation (ESIt file:
clip3.mp4).

(4) LiF singlet first excited state dissociation (ESI{ file:
clip4.mp4).

(5) By highly excited state adiabatic dynamics with a disso-
ciating atom (ESIT file: clip5.mp4).

The multimedia presentations prepared for this paper line-
arly scale down the amplitude of higher frequencies. The
measures actually taken for the ESIt multimedia presentations
to adjust to the human ear are outlined in the Appendix.

3 Formation of a hydrogen molecule

We begin the sonic representation with the bond formation of
a hydrogen molecule from two H atoms in the ground state.*

3.1 Computational level

The three lowest singlet states of H, were computed in
a previous work,* employing full configuration interaction with
the aug-cc-pVQZ basis set (92 molecular orbitals with 674 and
628 configurations for 'S; and 'Sy, respectively). All quantum
chemistry calculations in this paper are done with the GAMESS
quantum chemistry package.*

The resulting potential energy curves are shown in Fig. 1
with further description given in the following subsections.

3.2 Sound of formation of a hydrogen molecule in the
ground state

3.2.1 Sound of formation of the fundamental covalent
bond. Fig. 1(a) shows the ENO energy and population for the
two ENOs, termed 1o, and 16, that essentially make up the
ground electronic 1'S, state of H, as a function of internuclear
distance R. The ground state at its minimum (equilibrium
internuclear distance R. = 0.74 A) consists essentially of one 1o,
ENO with a population of 2.0, which correlates at large R with
the H atom energy —0.5 hartree (E;,) and a population of one. To
assist in understanding the mechanism of bond formation, we

RSC Adv, 2024, 14, 9099-9108 | 9101
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Fig. 1 Ground and first excited singlet gerade states of H,. Panels (a)
and (b): the ENO energy curves for the states 1125,r and
2125, respectively. The inset in each shows the ENO population curves.
ENOs with essentially zero population everywhere are omitted from
the figure. The color key to the curves is given in panel (a). Panels (c)
and (d): the total electronic potential energy curves (V, black, scales to
the right) for the states corresponding to the panels in the top row, and
its components (scales to the left), electronic kinetic energy (T,
orange), nuclear-electronic attraction energy (V... blue), electron—
electron repulsion energy (Vee, green), and nuclear—nuclear repulsion
energy (Vn, pink). The color key to the curves in (c) and (d) are shown
in panel (d). The 1129 potential energy curve is vertically raised
by +0.4E;, to place it in the same range as the excited state curve.
Dotted vertical lines indicate potential minima and maxima.

Table 1 Mapping of energy to frequency chosen for the H, molecule

Energy (En) Frequency (Hz) Note
0.000 1108.7 Cs5#
—0.136 1046.5 C5
—0.500 880.0 A4
—1.280 523.3 C4
—1.462 440.0 A3
—1.852 261.6 C3

exhibit Fig. 1(c) showing the 1'S, potential energy curve V as
a function of internuclear distance R (black curve), along with
its components: the electronic kinetic energy Te, the nuclear-
electronic attraction V., the electron-electron repulsion Ve,
and the nuclear-nuclear repulsion energy Vyn.

To map the energy into the audible frequency range, we take
the range —0.5E;, through 0F}, as the frequency of the notes A4
through C5# (where A and C represent the note and the
following number gives the octave, in the scientific pitch nota-
tion) (see Table 1). The choice places the lower note C3 at an
energy of —1.852E}, so that the energy range represented in
Fig. 1(a) and (b) is conveniently within auditory range. The
volume of the sound is given proportional to the population of
each ENO.

The variation of the 16, ENO and 16, ENO with respect to
the internuclear distance R are audible, respectively, in Clip 1a

9102 | RSC Adv, 2024, 14, 9099-9108
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Fig.2 Voiceprint of the 112;r state. From left to right, the sounds at R =
0.74, 3.0, and 6.0 A, respectively, are shown as waveforms. The total
signal and the sounds from the 164 ENO (orange) and 1o, ENO (blue)
are shown from the top to bottom.

and Clip 1b in the ESI} multimedia file clipl.mp4, and the
combined sound is heard in Clip 1c in the same file. The
smooth transition is reflected in the sounds. In Fig. 2, the sound
(voiceprint) at the internuclear distances R = 0.74, 3.0, and 6.0 A
are shown as waveforms.

Both the 106, ENO and the 16, ENO at large R correlate to the
same H-atom energy with a population of one, but the 1o,
population transfers to the 10, ENO as R approaches R., with
the 16, ENO energy going to zero. Thus we see a smooth tran-
sition from the valence-bond-like (atomistic) to the molecular-
orbital-like (molecular) state naturally represented with ENOs.
At a long distance (6.0 A), the two ENOs are degenerate in
energy, giving out the same sound. Coming closer to a distance
of 3.0 A, the 1o, ENO heads toward lower energy, with its
population increasing at the same time, while the 10, ENO
heads toward higher energy with decreasing population. The
slightly differing frequencies from the two result in an audible
beating pattern. When R approaches R., the sound from 1o,
with its zero population, is no longer heard, whereas the sound
from 1o, is now of a low frequency, signifying low electronic
energy. Together with the nuclear-nuclear repulsion energy (not
heard), the minimum at R, is made.

The sound from the 16, ENO keeps lowering, reflecting the
fact that its energy gets monotonically lowered. The volume of
its sound becomes larger at R shorter than about 4.0 A due to
the increase of the population from 1.0 to 2.0 at the end. On the
other hand, the sound from the 16, ENO rises as R becomes
shorter. The most striking impression from its sound is that the
volume diminishes to zero as it nears the minimum at R.. The
complicated sound from the total state (combined 16, ENO and
16, ENO) therefore gets simpler, heard only from the 16, ENO.

3.2.2 Nature of the chemical bond highlighted by means of
the sounds. We here revisit the issue of the nature of the
chemical bond of the hydrogen molecule in 1'Sy from the
viewpoint of the electronic-state sound. This fundamental issue
has been controversial.****® The characteristic behavior of the
electronic kinetic energy 7. has caused serious discussions

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pertaining to the origin of the covalent bond. Hellmann argued
that the electrons confined in 1s H atoms are released to a wider
space in molecular formation, which should result in a signifi-
cant decrease of T, giving rise to the origin of the covalent
bond.** This is unfortunately wrong, since the theoretical
interpretation is inconsistent with the virial theorem (this
assertion was made in 1933, before accurate quantum wave-
functions were available). In his landmark paper,'® Ruedenberg
developed a deep theory, which maintains the standard theory
in the present quantum chemistry. It claims that the atomic
orbitals are subject to contraction in order to prepare the bond
formation, which confines atomistic electrons in an even nar-
rower space and consequently raises the 7. higher and pushes
Vne lower. Then, the delocalization of the electrons by being
released to the molecular region causes a significant lowering of
Te, which is after all regarded as the main driving force and
origin of the bonding.

Our observation based on ENO analysis is as follows (see also
Fig. 1(a) and (c)). As R becomes shorter, the bond formation
proceeds as follows:*

(1) The entire feature of the electronic energy is dominated
by two major ENOs only: 1o, and 10, (Fig. 1(a)).

(2) At very large values of R, the sounds of 16, and 10, are
mutually the same and set to that of the 1s orbital of the
hydrogen atom.

(3) The significant interaction between the two H atoms
begins from about 6 A, where the beat between the sounds of
1o, and 10, begins to be heard.

(4) Vee and V,, keep increasing monotonically, while V.
comes downslope monotonically and more extensively.

(5) As seen in Fig. 1(c), which has been based on a very
accurate electronic wavefunction as a function of R, T, begins to
decrease at about 3 A, hitting the bottom at 1.5 A, and rises
through the equilibrium R distance (R.). The rise at R. is
required by the virial theorem for the potential curve to make
the bottom.

(6) As confirmed in Fig. 1(c), it is only V,,. that can lower the
electronic energy significantly enough for bond formation. The
constant lowering of V. is realized practically only by the 1o,
ENO (Clip 1a of the ESIt multimedia file clipl.mp4). It is
natural, therefore, to conclude that the lowering of V,,. is the
predominant origin of the bond formation. Note that the
lowering of V;. has come as a consequence of electronic-state
reorganization from the atomic to covalent states, and there-
fore it is not a result of classic electrostatic interactions alone.

Our ENO analysis is simpler and invariant in that any chemists
applying any accurate electronic wavefunctions should reach the
same and unique conclusion. But it seems not precise enough to
support the Ruedenberg theory. Yet there are two comments: the
kinetic energy lowering seen in Fig. 1(c) is simply due to the
dramatic decreasing of the population of the 16,, ENO, which has
a high kinetic energy (accompanying that, the 15, ENO energy
approaches zero as R nears the R, (the reader is referred to Clip 1b
in the ESIT multimedia file clipl.mp4). On the other hand, near
R., T, rises as R becomes shorter, which is consistent with the
virial theorem.* The numerical analysis reveals that T of the 1o,
ENO keeps increasing all the way through R with no stage of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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lowering, as R becomes shorter. It turns out, therefore, that the
electronic kinetic energy of bonding for the 16, ENO does not
experience lowering. We therefore may rather say that the elec-
trons come to be confined in the bonding area due to covalency,
contrary to the assertion by Hellmann. We are interested in the
possible sound from the Ruedenberg's contraction of the atomic
orbital.’* However, we need additional ideas to make it possible to
be audible as a simulation of a physical process.

3.3 Sounds from the 2'Z; state of a hydrogen molecule

We next sample from the bond formation of the 2'S; state of a H,
molecule. Although more complicated than the 1'S, state, only 4
ENOs are found to essentially dominate the state. Their energy
variations along R are displayed in Fig. 1(b), with the inset
showing the associated populations. Fig. 1(d) shows the potential
energy curve V (black curve), Te, Vie, Vee, and Vi, There exists
a double minima in this state at R, = 1.007 A and Ry = 2.323 A,
and a single peak in between at Rg = 1.642 A, as seen in Fig. 1(d),
which demonstrates that the 2'S;, state appears to be a class of the
forbidden reaction in contrast to the 'S, state. The condition for
the potential basin and summit (barrier) to be formed was clari-
fied in terms of the adiabatic virial theorem.* V,. decreases
monotonically up to a point near the right minimum as R
becomes shorter, then rises in the vicinity of the position of the
summit and decreases further to the left of the summit and
beyond. T is seen to make a shallow and wide basin towards the
right of R, thereby giving a peak, which comes down to another
basin as R becomes shorter. V.. produces a plateau in the range of
20<R<7.0A

It turns out that at the longer distance local minimum Ry =
2.323, the energy density is composed mainly of the 16, ENO
and the 16, ENO, while the minimum at R; = 1.007 A is given by
the 16, ENO and the 26, ENO (note that both 16, and 16, of the
2'3; state are different from those of the 1'Sy). The roles of 10,
and 20, interchange drastically around the summit of the
potential barrier in between. 25, loses its role in the very early
stage (at long R). Incidentally, the appearance of the 16, ENO in
the 'S, comes from the configuration of double occupation in
the 10, ENO, and this is why we refer to this bond formation as

s 1.01 A 1.64 A 2.32 A .
3 0 NMMWW MMM\WM“M W}JMMM MMW
°
1 ) L ) . . L L
1
£ o MMV MWW MW WW WM
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Fig. 3 Voiceprint of the 2'] state, drawn in the same manner as in
Fig. 2.
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a prototype of the forbidden reaction. One can dynamically
experience the interchange between the roles of 16, and 2o,
ENOs by hearing the sound of them: 1c, in Clip 2b and 20, in
Clip 2c in the ESIf multimedia file clip2.mp4. In contrast, by
hearing the sound of 1o, (Clip 2a), we vividly understand that
the 10, ENO constantly supports the chemical bond throughout
R, although the variation in its sound is not monotonic in
contrast to the 1o, of the 1'S, state. The combined sound of all
these components can be heard in Clip 2d,T which demon-
strates how a complicated two-electron process is involved in
the formation of this chemical bond. The voiceprints of this
system are sketched in Fig. 3.

4 The avoided crossing: LiF
4.1 Computational level

To demonstrate the potential of sonification in nonadiabatic
chemistry, we take the well-known avoided crossing between
the lowest two adiabatic '=* states of the LiF molecule, which
we call states S1 and S2. Accurate potential curves obtained by
state-averaged CASSCF orbital determination followed by mul-
tireference configuration-interaction, employing basis sets up
to the complete basis-set limit have been reported in the liter-
ature.”” For a demonstration of the voiceprint in the study of
the avoided crossing between S1 and S2 only, a much simpler
description computed in a previous study,* of 2-states averaged,
8 electrons in 7 orbitals CASSCF followed by a single reference
singles and doubles configuration interaction (lowest three
orbitals frozen) with the small cc-pVDZ basis set,>** is
adequate. Here again the GAMESS program has been utilized.*®
The basis set includes 3 sets of s functions, 2 sets of p functions,
and a set of d functions on each atom, resulting in 12 ¢ orbitals,
12 7 orbitals, and 4 d orbitals.

4.2 Global energetic feature of the lowest avoided crossing of
LiF

Fig. 4(a) exhibits the global feature of the electronic energies of
the adiabatic ground state S1 and the first excited state S2. The
inset expands the avoided crossing region between the two
potential energy curves. We will focus on giving an auditory
representation of the avoided crossing within the range of
internuclear distances 6-9 A.

4.3 Sonic description of the avoided crossing

The energy of the dominant ENOs around the avoided crossing
are shown in Fig. 4(b) and (c), for the states S1 and S2, respec-
tively. Plotted are the lowest five ¢ ENOs except for the core 1o
ENO (20 through 60), and also the first = ENO. All the other
ENOs have an energy and population close to zero and are
omitted in the figure. ENO populations of the three orbitals 3o,
40, and 50, which vary significantly around the avoided
crossing, are shown in Fig. 4(d) and (e) for the states S1 and S2,
respectively. The population of the 10, 20, and 17 ENOs is 2.0 in
the same region.

A fuller description in terms of ENO was given previously,*
and we here repeat the most significant findings to illustrate the
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Fig.4 (a) Lowest singlet LiF potential curves V3 and V> for the states S1
and S2, respectively. The inset shows the avoided crossing enlarged.
(b) The ENO energy for the S1 state, and (c) for the S2 state. The lowest
non-core ¢ orbitals and a 7 orbital are shown. (d) The ENO population
for the S1 state and (e) for the S2 state. ENOs 2¢ and 1m have pop-
ulation of 2.0 and are not shown in the lower panels.

utility of their sonic representation. The present nonadiabatic
electron transfer seems overwhelmingly dominated by the three
ENOs 30, 46 and 50, as demonstrated in Fig. 4. Note that the
interaction between them reflects the electron transfer within
the molecule. For the S1 state, the “covalent” configuration with
two electrons in the 40 ENO for shorter internuclear distance
becomes the “ionic” configuration at longer internuclear
distance with one electron each in the 40 and 56 ENOs. The S2
state configuration is nearly a mirror image of the S1 state.

A huge energy change is noted for some ENOs in Fig. 4(b)
and (c); for instance, ENO 4c in S1 (panel (b)) drops (becomes
more stable) more than 2 hartrees (Ep) by the transition from
the distance R = 8 to 7 A, and the steep rise of ENO 46 is seen in
panel (c) for the S2 state. This drastic variation in energy
happens because the ENOs are population dependent.

Table 2 shows the chosen mapping of the energy range to the
audible frequency. The mapping is so that the 2c energy is

Table 2 Mapping of energy to frequency chosen for the LiF molecule

Energy (En) Frequency (Hz) Note
0.000 924.0

—0.779 880.0 A4
—7.097 523.3 C4
—8.572 440.0 A3
—-11.731 261.6 C3

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 LiF S1 state voiceprint, shown in the same manner as in Fig. 2.
Significant change in the 4c and 56 sound is heard across the avoided
crossing.
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Fig. 6 LiF S2 state voiceprint, shown in the same manner as in Fig. 2. It
is nearly a mirror image of the S1 voiceprint for the range near the
avoided crossing.

represented with a C3 sound, the 3¢ and 4c are roughly an
octave higher, and 50 is roughly another octave higher.

In the graphs of the population variation, Fig. 4(d) and (e),
the 56 ENO seems to play a major role in the change of elec-
tronic character across the avoided crossing, both in the S1 and
S2 states. Meanwhile the variation of the 36 ENO seems small
both in energy and population. However, it turns out that the 3¢
and 40 ones are the dominant players in the present avoided
crossing. Listen to the sounds:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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For the S1 state, 3¢ ENO in Clip 3a in the ESIf multimedia
file clip3.mp4; 40 in Clip 3b; and the combination of three
ENOs, 30, 40, and 50, in Clip 3c.

For the S2 state, 3o in Clip 4a of the file clip4.mp4; 4o in Clip
4b; and the combined one in Clip 4c.

The sounds of 3¢ and 4c along with the variation of their
spatial distributions (and 5¢ as well) in the S1 and S2 states
highlight the very clear symmetric exchange of their roles across
the avoided crossing. The voiceprints are also presented
graphically in Fig. 5 for the S1 state and Fig. 6 for the S2 state. A
large variation in the 40 ENOs in S1 and S2 before and after the
avoided crossing are noted. It turns out that the 56 ENO plays
an auxiliary role to the interchange of the roles of the 3¢ and 4c
ENOs.

5 Cluster dynamics in a highly excited
electronic state: By,

The last example is taken from an ab initio MD dynamics
simulation of molecular dissociation in the densely quasi-
degenerate electronic state manifold of B, clusters.”®*” The
many vacancies in the 2p orbital valence space of the boron

atoms give rise to the highly quasi-degenerate manifold of

5

ENO Energy / E,

—
O
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|
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o« -10
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Fig. 7 Adiabatic dissociation dynamics in an excited state B;, cluster,
shown as time-evolution of the ENO energies. (a) Flowing and half-
occupied layer ENOs. (b) Valence-layer ENOs. (c) Core-layer ENOs.
Numbers on the far right label the selected ENOs. The highest ENO
from the valence layer (#28) represents the dissociating atom.
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Table 3 Mapping of energy to frequency chosen for the B;, cluster

Energy (En) Frequency (Hz) Note
0.094 1046.5 C5
—6.993 880.0 A4
—22.178 523.3 C4
—25.721 440.0 A3
—33.314 261.6 C3

excited states, and for balance between their rough represen-
tation and computation-intensive dynamics, we choose to use
the STO-3G minimum basis set for molecular orbital determi-
nation and configuration interaction singles and doubles from
the highest occupied molecular orbital (HOMO) and HOMO—1
(MO 29 and 30) to all virtual orbitals for the excited states
description. The number of configuration state functions
included in the calculation is 1891.

The excited states in such highly degenerate manifolds are
generally of very long lifetime as discussed in a previous paper,
due to what we call the intramolecular nonadiabatic electronic-
energy redistribution (INER).>” Therefore, in order to study the
dissociation dynamics for By, — B;; + B, we need to find or
intentionally prepare a moment right before a dissociation.
Fig. 7 shows the time-variation of 60 ENOs on the occasion of
such a dissociation, which starts at about 30 fs in the graph.
Despite a very wild diffusive electronic wavepacket state in the
Hilbert space,*” we find a very clear layer structure composed of
4 bands to exist before dissociation: the core layer (panel(c) in
Fig. 7) composed of ENOs 1 through 12 of the lowest energy; the
valence layer in panel (b) from ENOs 13 to 28; the half-occupied
layer of ENOs 29 and 30 (panel (a), the lower part); and the
flowing layer from ENOs 31 to 60 (panel (a), the upper band).

On the occasion of the dissociation, we find two irregular
behaviors by one ENO of the core (ENO 12, panel (c), green) and
by another of the valence layer (ENO 28, panel (b), green). The
other ENOs seem rather stable, but we see that violent large-
amplitude oscillatory behavior follows the two precursors’
quick rise of the two ENOs. Let us hear the sound of these two
ENOs.

The chosen mapping of energy to sound in the present paper
for the B, cluster is given in Table 3. Because of the many ENOs
involved, a simple superposition of the sounds of all the ENOs
results in apparent noise. It is more rewarding to focus on
a subfeature.

In Clip 5a of the ESIT multimedia file clip5.mp4, we pick out
the sound of ENO 12 only. A very quick rise of the pitch is heard,
which was made possible by singling out the ENO. Indeed, it is
not well distinguished in the combined sounds over the core
layer, Clip 5b. A similar procedure is undertaken for ENO 28
(Clip 5¢) and the valence layer (Clip 5d). In the combined sound
in the half-occupied (Clip 5e) and flowing layers (Clip 5f), we
notice a larger fluctuation in the sound after time ¢ = 50 fs,
around which the violent oscillation begins to be seen. In Clip
5g, sounds from all the combined ENOs are present, which
sound like a noise. Yet, we can notice the moment that one
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Fig. 8 Sound from adiabatic dissociation from a By, cluster, presented
in a similar manner as in Fig. 2. The dissociation is associated with rising
energy of the 28th ENO, which is reflected in its sound.

boron atom departs from the mother cluster. The voiceprints
for the relevant ENOs at selected times are recorded in Fig. 8.
Obviously, the present sound analysis is not sufficient to
identify the mechanical roles of these specific ENOs in the
dissociation dynamics, and further analysis is needed.

6 Concluding remarks

We have shown that the energy natural orbital analysis has
made sonification of the molecular electronic energy density
possible. Since the total electronic energy E(R) at a given nuclear

configuration (R) is represented as an exact sum of the ENO

ENO
energies such that E(R) =4 Y wg, {wi} values are linearly
3

transformed into the audible frequency range {f;}. The ampli-
tude of each frequency is modulated by the population of the
relevant ENO, and thereby the pitch and volume pair due to
each ENO give rise to an audible sound. The sum over all of
them, a polyphonic sound, brings about a total voiceprint,
characterizing the rich energetic structure forming the mole-
cule. It should be stressed that the relevant sonification can be
applied not only to the ground state but to the excited and
wavepacket ones. The procedure is valid at any molecular
configuration and therefore sonification of the electronic
dynamical process of chemical reactions can also be achieved.

As the first example of the molecular electronic energy
sound, we have shown rather simple and straightforward
applications to chemical bonding of a hydrogen molecule, the
avoided crossing in LiF, and quantum electron wavepacket
dynamics in the highly excited state of a boron cluster.

In the formation of a hydrogen molecule in the 1'S; state,
the beat arising from the combined sounds of the 16, ENO and
the 10, ENO was highlighted as an early interaction of two
hydrogen atoms. Moreover, it has been stressed that the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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decreasing population of the 1o, ENO toward the bond
formation is heard as the diminishing (fainting) of its sound.
The strange behavior of the total electronic kinetic energy in the
course of bond formation, the interpretation of which had been
a cause of controversy in the past, turns out to be due to this
diminishing.

A hydrogen molecule in the 2'S, state represents a typical
situation, so to speak, of the forbidden reaction, and has two local
minima separated by a potential barrier. It turns out that the
potential basin at the longer nuclear distance is formed by the pair
of the 16, ENO and the 16, ENO, while that of the shorter distance
is due to the set of the 10, ENO and the 26, ENO. Therefore, the
sound of 16, disappears before the potential barrier and the sound
of the 20, ENO begins to be appreciated after the barrier.

Likewise, the passage across the avoided crossing in LiF can
be clearly distinguished with just the three tones coming from
the 30, 40, (and 50) ENOs. Also in the dissociation event in the
B,, cluster, the sound from only a couple of ENOs are heard to
surge quickly.

The sounds mentioned above are all simple and rather primi-
tive in that only direct “sound” of the single ENO and the total sum
thereof are heard. The method of sonification need not be as
simple nor unique, and methods other than those presented in
this paper are possible. For instance, we could have artificially
overlaid overtones in specific ways to the sound of each ENO, with
which we can mimic the sound of musical instruments like the
violin, oboe, and so on. Such an articulation should facilitate
distinguishing the individual tones in the total mixture.

The sonification of molecular states is a matter of repre-
sentation or presentation, and is in the secondary stage of the
progress in quantum chemistry, viewing from the zeroth-order
efforts for solving and/or integrating the Schrodinger equa-
tion. We believe though that the advent of Natural Orbitals
(NOs) followed by the development of ENOs have succeeded in
bringing out the exact one-electron pictures of the electron
density and electronic-energy density, respectively, from the
very complicated many-body electronic wavefunctions. Under-
standing in the one-electron picture should be indispensable in
the deeper understanding and prediction of chemical
phenomena. The sound information is hence a subsidiary, yet
necessary, outcome from the ENO studies.

Just as with visualization technology for molecular electronic
states, the sonification of electronic energy structures could be
a useful tool that is vividly appealing to another dimension of our
sense perception. In particular, the hearing experience offers the
immersive feeling of dynamics in terms of the time variation of
high-and-low pitch, dynamical range (variation of the sound
volume), beat (interference) among the adjacent frequencies, and
so on. These should add an additional excitement in chemical
research. Now that a direct route of access to the sound of elec-
tronic energy has been opened, the progress of the general soni-
fication technology"'*> by its own virtue, such as sophisticated
methodology with artificial intelligence (Al), should enhance our
(sensory and/or intuitive) understanding of molecular electronic
energy states and chemical reactions. Among other subjects, we
are interested in the sound representation of the dynamics of:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(1) spin-current dynamics in open-shell systems described by
the energy natural spin orbitals (ENSO), in which different spins
are supposed to make different sounds;***

(2) electronic energy current from the nonadiabatic electron
wavepacket dynamics in the highly excited state manifold, and
other electronic energy flows in the real-time dynamics of the
Forster fluorescence resonance energy transfer;*

(3) electronic state avalanche after making a hole in the core
(like the 1s state) of a molecule; the avalanche of which is
supposed to lead to autoionization;*"

(4) distinction of allowed (cooperative) and forbidden reac-
tions in the excited-state chemistry, and so on.

To conclude, we emphasize again that the sound representa-
tion of the molecular electronic energy density is an outcome of
the representation in Energy Natural Orbitals, since its energy
and population can be qualitatively expressed at a time. Each
ENO can be regarded as a string (actually many-dimensional) of
a musical instrument such as a harp. Yet, one of the inherent
characteristics of this instrument is that the sound pitch (energy)
and the volume (population) of each string (ENO) can dynami-
cally vary according to the change in the molecular states and
geometry, which is particularly useful in the study of chemical
reactions and electronic excited states. In addition, recall that
ENOs are exact if the mother electronic wavefunction is exact and
there is no room for subjective articulation to take part. There-
fore, ENO and its sonification can be utilized as promising tools
in molecular electronic state theory.

Appendix

A Adjustments in transforming molecular frequency to
audible frequency

As outlined in Section 2.3, the linear mapping from molecular
frequency to audible frequency was further adjusted for the
human ear in the ESIf multimedia presentations.

Because human hearing is much more sensitive at higher
frequencies than lower ones within the range 100-1000 Hz, we
linearly adjust the maximum amplitude 4, in eqn (15) deter-
mined by the ENO population (or taken to be constant for
energy-component-based voiceprints) as

/Io = dAO, d = {(()fmax 7f)/fmax (0 Sf §fmux)

> foe) 1O

where fi,.x is taken as 2000 Hz.

A straightforward implementation of eqn (15) results in
unintuitive chirping because the frequency of sound is time
dependent. We keep the frequency within a cycle constant in
the following manner, to avoid such unwanted effects, so we
may rewrite the amplitude of sound as a sequence of cycles:

A(f) = Ao sinme(t — to)f) = Ao sinQm(z + h)), (17)

where
= — 1),

0=h<l, (18)
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so that # is the “phase” within a cycle. Given a point in time ¢,,
which is the start of a cycle with time-dependent frequency f{z,),
that is

Ta = |.(t - to)f(tu)Ja

sinm(t — 1)f(1,)) = 0, (19)

we take the frequency constant as f= f{t,) until the beginning of
the next cycle, and 7, = 7, + 1. Then at 7,, the constant frequency
is changed to f{t) at time ¢, corresponding to 7.
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