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Abstract.

The physical characterization of the chemical bond in the ground state has been a
central theme to theoretical chemistry. Among many techniques, quantum chemical
topology (QCT) has emerged as a robust technique to understand the features of the
chemical bond and electron organization within molecules. One consolidate tool within
QCT is the topological analysis of the electron localization function (ELF). Most research
on ELF and chemical bond has focused either on singlet ground states or the first excited
triplet. However, most photochemical reactions and photophysical processes occur in
excited states with the same spin-symmetry as the ground state. In this work, we develop
a proposal on how to compute the ELF in excited states of any symmetry within linear-
response time-dependent density functional theory. Then, we study the evolution of the
chemical bonds in the ground and excited state intramolecular proton transfer (ESIPT) of
a prototypal Schiff Base (the salicylidene methylamine, Scheme 1). We found that the
topological analysis of the ELF along reaction paths explain the presence of a barrier for
the proton transfer in the ground state and the absence of it in the excited state. Briefly, in
the ground state, the cleavage of the O-H bond results in a structure with high
electrostatic potential energy due to an excess of electron lone-pairs (3) in the Oxygen
atom, which explains the barrier. In the excited state, the electronic transition promotes

an enhancement of the basicity of Nitrogen by allocating three nonbonding electrons in



the basin of its lone-pair. This excess of electrons in the N exerts an electrostatic
attraction of the proton, which we suggest as the primary driven-force of the barrierless
reaction. Because in excited states the molecule can develop more vibrational kinetic
energy than in the ground state, we perfumed an ab initio molecular dynamics of the
proton transfer in the excited state and corroborate that our conclusions on the topology

of the ELF do not change due to dynamic effects.



1. Introduction

Photochromic materials are one of the essential building blocks for improving
optically driven molecular memories, optical recording media, photoswitches, light-
modulating and data processing materials.'"’ The excited-state dynamics of these
materials makes them attractive to theory and experiments. Upon excitation, these
materials could experience photochemical reactions such as ring closure-ring opening, E-
Z isomerization, and excited state intramolecular proton transfer (ESIPT). Of particular
interest are, because of their potential applications in optoelectronic devices, organic
compounds with an intramolecular hydrogen bond (IMHB) that exhibit an ultrafast
ESIPT reaction. The essential features for a molecule undergoing ESIPT are the sub-
picosecond timescale of the proton transfer, high fluorescence efficiency, and a
significant Stokes shift in the absorption-emission spectra. The large Stokes shift, which
is a common feature of systems with significant geometry differences between their
ground and emissive excited state, is a crucial parameter to design optical materials
because it diminishes the self-absorption and light scattering effects.

The design and study of ESIPT chromophores have heavily focused on hydrogen-
bonded Schiff bases. These compounds have a complex dynamics on the electronically
excited states that can be tuned by structural modifications.** Examples of those
modifications are chemical changes that increase the aromaticity of the substituents
groups and electron-donor and electron-acceptor substitutions at the aromatic rings.
Different experimental strategies to spectral-tuning the ESIPT emission length are
available, which include the extension of conjugation length and structural modification
on the aromatic or heterocyclic rings.'"'>>**” On the theoretical side, Nagaoka et al.**>*
proposed a nodal-plane model, which emerges as a valuable tool to investigate dynamic
processes in low lying excited states. Despite significant research on these subjects,
aspects regarding the evolution of electronic structure and chemical bonding during the
proton transfer dynamics still require investigation.”> This work introduces an extension
of the electron localization function (ELF)** to characterize chemical bonding in excited
states” with the same spin symmetry as the ground state. Then, the topological analysis
of the ELF is used to rationalize the evolution of the chemical bonds along the ESIPT of a
prototype Schiff base, the salicylidene methylamine (SMA. Scheme 1). The ELF and its



topology provide a physical explanation of why the proton transfer is unlikely in the
ground state, but it goes without a barrier in the excited state.
There is a widely accepted mechanism for the relaxation pathways of
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T R . Upon excitation from the

photochromic Schiff bases (see Scheme 1).
ground state (Sg) of the cis-enol form of the SMA, the first singlet excited state
depopulates through several pathways. i) A radiative emission from the locally excited
enol form. ii) The ESIPT process to produce the fluorescent S;-cis-keto. iii) [somerization
of the C-C bond in the S;-cis-keto that results in an internal conversion (IC), via a second
conical intersection (CI), to either trams- or cis-enol photochromic forms in Sy. iv)
Isomerization of the C=N bond which decays via a second CI to the form Sy-trans-keto.
Finally, due to the low reverse proton transfer energy barrier in Sy, the cis-keto form
transfers back the proton to form the enol tautomer again, closing the photochemical

cycle allowing a new photoactivation process to start over. This work focuses only on the

changes of the bond topology in the ESIPT.
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Scheme 1. Diagram of the photo-chemical(-physical) relaxation pathways of the

salicylidene methylamine (SMA) and its molecular structure.



2. Theoretical Methods

2.1 ELF in ground states.

Becke and Edgecombe originally defined the ELF for a monodeterminantal Hartree-Fock
(HF) wavefunction.* Later, Savin showed that its operational definition also holds for
ground state density functional theory (DFT).* In the ground state, the ELF admits two
interpretations: i) the ELF is high in those regions where is highly likely to find localized
pair of electrons, and ii) the ELF is high in those regions where the “excess” of kinetic
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energy due to the Pauli exclusion principle is smal The first interpretation comes

from the original definition of ELF,
573 ; (1

where the critical element, D(r) , 1s the curvature of (conditional-) density of probability

to find two electrons with the same spin at a (spherical-) averaged distance s around a
point r given that the position of one of them is known with certainty
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where n'""(r,r+s), {l//i}, and p"(r) are the same-spin (co) two-particle density matrix
(2PDM), the occupied molecular orbitals (with spin ) of a HF wavefunction, and the

density of electrons with ¢ spin. The smallest the probability of finding two electrons

with the same spin in a region, the more localized is the reference electron. The second

interpretation raises because the first term of D(r) is half the positive-definite kinetic

energy density of a system with mean-field-interacting electrons, ’L'(l‘) , while the second

is half the kinetic energy density of a system of bosons with the same density. Therefore,

electrons do not localize where D(r) is large because the Pauli principle imposes them



high kinetic energy. This last interpretation is especially crucial in DFT because it allows
the use of Kohn-Sham (KS) orbitals in Eq. (2) even though its original definition holds

for an HF wavefunction.

2.2 ELF in excited states.

Excited states could be divided into two kinds, those with the same spin symmetry
as the ground state and those with different symmetry. The first is the most relevant to the
photochemistry of organic molecules because the absence of strong spin-orbit coupling
forbids the transition between states with different spin symmetry. Evaluating the ELF of
states of different symmetry, with Eq. (1), is not a problem at all because DFT-KS is
enough to compute the properties of the lowest excited state of a given spin multiplicity.
Computing the ELF of a molecular system in different spin states is customary.”’ On the
contrary, we are not aware of any work that focuses on the ELF of an excited state of the
same spin symmetry as the ground state. A plausible explanation for this lack of research,
it is that the broadly used working equation for computing the ELF (last term of Equation
(2)) holds for monodeterminantal wavefunctions, while accessing to the wavefunction of
an excited state usually requires MRSCF methods. Indeed, the ELF is calculable with any

method the curvature of the 2PDM is available for.”>”

However, the evaluation of the
curvature of the 2PDM is tedious and computationally expensive, so it can be performed
only for small molecules.”” Still, to explore the bond pattern and its dynamical evolution
in medium and sizeable molecular system, one should resort in computationally
affordable methods for the excited state. A suitable balance between accuracy and
computational cost is time dependent-DFT in the linear regime (LR-TDDFT).” However,
LR-TDDFT does not provide a 2PDM of the excited state but only the one-particle
density matrix (1IPDM). Despite the formal definition of the ELF requires the curvature
of the 2PDM, in its original work, Becke and Edgecombe’ reconstructed the 2PDM in

terms of the IPDM (which is essential to the HF approximation). Here we propose such

reconstruction for the 2PDM of k-th excited state in terms of the natural orbitals (NO) of

a given spin o, {qbw}, and the occupation numbers, {n;,},0f the IPDM of the of k-th

excited state:
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with which the ELF of the k-th excited state is readily evaluated from Eq. (2),
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Although this expression looks quite similar to the ELF for ground states there are

substantial differences: i) the density corresponds to the k-th excited state, ii) the orbitals

{(pi}are those that diagonalize the excited state 1PDM, and iii) the sum goes over all NO

and not just occupied KS orbitals of the ground state.

The reconstruction of the 2PDM in terms of NO to compute the ELF in the
ground state has been attempted before. Remarkably, Matito et al.”” showed that
reconstructions of the 2PDM with NO are exceptionally accurate to include correlation
effects in the ELF of medium to highly correlated systems. In their work, they show that
an HF-like reconstruction (Eq. (3)) is exceptionally accurate to include correlation effects
in the ELF. They also conclude that for the calculation of two-particles topological
properties such as the covariance of the population of the basins of the ELF, the accuracy
holds only for systems with moderate correlation. It is worth mentioning that the HF-
reconstruction is the most straightforward reconstruction of the 2PDM, and that density
matrix functional theory provides us with many other reconstructions that aim to include

100

correlation effects.” We will focus in the HF-like reconstruction because it is known

that all that is need it for the ELF to capture the bonding in molecules is the inclusion of

2
the Pauli principle, which is captured by the kinetic energy density (T(l‘) = Zini|V¢i (r)|
). Finally, it was already two decades ago that Andreas Savin suggested that the ELF
could be evaluated in terms of NO’s.'”! Further exploration on the consequences of the

type of reconstruction of the 2PDM in terms of NO is an o going project.



2.3 Computational details.

All structural optimizations in the ground and excited states were done with DFT
and TD-DFT methodologies using the long-range corrected hybrid density functional of
Head-Gordon et al.'” @B97X-D and the split-triple-valence basis set 6-311+G(d,p). The
®B97X-D functional was chosen because it is a hybrid functional with range separation
that employs 100% of Hartree-Fock-type exchange (EXX) for the long-range electron-
electron interaction. The advantage of this functional is that it recovers the correct long-
range //r behaviour of the exchange potential while its computational cost is similar to
standard functionals. Having a correct description of the long-range piece of the exchange
is essential to describe excitations with charge transfer character. Although The SMA has
little charge transfer in the Sy — S; excitation, more pronounced charge transfer could
happen in other sectors of the excited state potential energy surface (PES) visited during
the proton transfer.

Possible dynamics effects on the topology of the ELF in the excited state were
studied by performing a Born-Oppenheimer ab initio molecular dynamics in the micro-
canonical ensemble in S;. All the trajectories started from the FC structure, and only the
velocities were randomly sampled from a Boltzmann distribution of 300 K. The equation
of motion were integrated with the Velert-velocity algorithm with a time step of 0.5 fs
and 150 fs of total simulation time. The forces on atoms were computed with TD-DFT
with the ®-B97XD exchange correlation functional. The KS orbitals were expanded in
two types of basis sets: a 6-311++G(d,P) for the atoms of the ring involved in the proton
transfer (O,N,H, C3,C4,C7 in Scheme 1), and a 6-31+(d,p) for the rest. All electronic
structure calculations were done with Gaussian 09.'® The ELF and its topology were
calculated with TopMod.'™ In the case of the excited state, we tested the results by

computing the ELF in our implementation in HORTON and ChemTools.'"

3. Results and discussion.
We first discuss the evolution of the topology of the ELF along the proton-transfer
path in the ground state of the SMA. Then we will do the same for the excited state, and

by comparing both cases, we elaborate a physical explanation of why the transfer occurs



without a barrier in the excited state. We also study possible dynamic effects on the

topology of the ELF by performing molecular dynamics on the excited state.

3.1 Ground state.

The PES along the IRC of the proton transfer and snapshots of localization
domains of ELF=0.8 at the enol, keto, and the transition state (TS) are shown in Figure 1.
We call the attention to the domains of the ELF around the hydrogen bond. At the enol
and keto, the hydrogen forms a covalent bond with O and N, respectively. Those bonds
correspond to disynaptic basins V(O-H) and V(H-N). At the transition state, the H and N
belong to the same localization domain, which indicates that the O-H bond has already
broken. However, as it will be seen, the N-H bond is not yet formed. Interestingly, before
the TS there is a region where the H has an own monosynaptic basin, V(H), and it is
neither bonded to the N nor the O. At the distance rog=1.2 A, the correlation between H
and O and between H and N equals, and we call this point an electronic transition state.

. : 90, 106
By equal correlation, we mean that the covariance™

of the population of the basin
V(H) with the non-bonding basins of N, V(N), and the one left behind in the O, V(O1),

after O-H bond breaking, are the same.

0.35

ground state relaxed scan —li—

—o ,
0.30} ‘s“‘&"' o ? 9
@
TEYe . 48
**! Elec. transtion / ‘t@.
20f State Keto

N

o8
% Transti
o1ol ?««:f/ ranstion

state
wosl  Enol /./

) |
/

- L I I
0'0(9.90 1.00 1.10 1.20 1.3

0 1.40 1.50 1.60 1.70 1.80
rOH/A

Figure 1. Potential energy surface along the Internal reaction coordinate of the proton transfer in
the ground state of the SMA. Insets are isosurfaces of ELF=0.8. Besides the ELF in the enol and
keto, the ELF in the transition state and the so-called electronic-transition state are also shown.
The energy origin corresponds to the energy of the enol tautomer.



Several catastrophes in the topology of ELF occur as the proton transfers
proceeds. These catastrophes are the disappearance and emergence of basins, which
indicates, for instance, bond breaking and formation. Two catastrophes arise in the
ground state. One happens at ropy=1.12 4, and it represents the breaking of the O-H (see
Figure 2). That is, the basin V(O,H) disappears, leaving behind the monosynaptic basins
V(OIl) and V(H). The V(O1) basin corresponds to an incomplete extra lone-pair in the
oxygen (1.4 electrons (e)). The V(H) corresponds to a proton dressed with 0.45 e that
persists between roy=1.12 A and roy=1.40 A. Hence, the proton-transfer occurs via a
pseudoatomic form of the proton, and the rupture of the O-H bond and the formation of
the N-H are not simultaneous. Notice also that the rupture of the O-H bond occurs before

the TS (1’0[-1=].28 /f)
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Figure 2. a) Variation of the population (in electrons) of the basins of the ELF as a function of
the roy distance (in 4) in the proton transfer in the ground state of the SMA. Only the populations
of the basins most involved in proton transfer are shown. b) Position of the basins of the SMA at
two significant roy distances: rop=0.98 A, upper figure, and rop=1.70 A, lower figure. Gray, red
and blue spheres correspond to carbon, oxygen and nitrogen cores respectively. Black spheres
match disynaptic basins (bonds). Purple spheres correspond to valence monosynaptic basins
V(01), V(02), and V(N). A white sphere is used to represent the attractor associated to the
V(O,H) basin in the first steps of the reaction, or the V(H) in the intermediate region, or the V(N,

H) basin in the keto form.

10



After the O-H bond breaking, the population of the pseudoatomic form of the
proton remains almost constant while the population of new lone-pair of the oxygen
(V(01)) increases and the sum of the number of electron of other two lone-pairs, V(02),
decreases. As the proton-transfer proceeds, the population of the lone-pair of the N, V(N),
slightly decreases until the point rop=1.40 A is reached. At this point, the second
catastrophe takes place, corresponding to the formation of the N-H bond. Simultaneously,
the V(H) and V(N) basin vanishes, and the new basin associated to the N-H bond,
V(N,H), develops. After this point, the essential electronic rearrangements have occurred,
but the population of the basins keeps changing. When the keto structure is reached,
rou=1.70 A, the population (bond order) of the V(C7-N) basin has increased by 0.5 e
compared with the enol. Also, at keto, the population of the three lone-pairs of the O adds
up to 5.6 e. This unusual highly charged oxygen atom would partially explain why the
barrier for the proton transfer in the ground state is high compared with the proton
transfer in the excited state, in which there is no barrier. The Coulomb repulsion among
these three pair of electrons that build up after the O-H bond breaking can be postulated
as the primary physical reason for the high barrier in the ground state. Nonetheless,
Rocha et at.”> postulate that the barrier is a consequence of the loss of aromaticity of the
ring. In the Lewis structure of a non-aromatic keto, the expected bond order of the C4-O
is 2. However, at the keto, the population of the basin V(C4,0) is only 2 e. Nevertheless,
this loss of aromaticity is also captured by the ELF as a spreading of the population of the
bonds of the ring as the transfer progresses (See Figure S1). In a perfect aromatic ring, all
bonds are equivalent. Figure 3 summarizes the changes in topology of the ELF discussed
above by depicting the position of the attractors and their populations at significant values

of roH.
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(d)

Figure 3. Population and location (speheres) of the basins of the SMA at significant roy
distances (a) rop=0.98 4 (enol ) , (b) rog=1.12 A4, (c) rop=1.42, A, (d) rop=1.70 4 (keto). The
color code of the spheres is the same as the one of the Figure 2.

3.2 Excited state.

Similarly to Figure 1, Figure 4 shows excitation energy (So to S;) along the
minimum energy path of the proton transfer and snapshots of localization domain of
ELF=0.8 at the enol, keto and what we called the electronic transition state. The jump in
energy between the fists two points is because the first corresponds to the Frank-Condon
(FC) state, while in second all structural degree of freedom of FC are relaxed but the O-H
distance. Despite localization domains in Sy and S; look alike, there are significant
differences. First, in S; the reaction goes without a barrier. Second, the electronic
transition state, and therefore the breaking of the O-H bond, occurs early (rop=1.14 A)
compared to the ground state (roz=1.20 A). Also, at the keto, a non-bonding
monosynaptic basin develops on the N. These features of the topology of the ELF are
more natural to discuss with the aid of a plot of the evolution of the population of the

basins involved in the proton transfer; Figure 5.
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the first singlet excited state of the SMA. Insets are isosurfaces of ELF=0.8. Besides the ELF in
the enol and keto, the ELF in the so-called electronic-transition state is also shown. The energy
origin corresponds to the energy of the enol tautomer in the ground state.
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a significant distances ( 705z=0.98 4). Gray, red and blue spheres correspond to carbon, oxygen
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correspond to valence monosynaptic basins V(O1), V(02), and V(N). A white sphere is used to
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represent the attractor associated to the V(O,H) basin in the first steps of the reaction, or the V(H)

in the intermediate region, or the V(N, H) basin in the keto form.

In the proton transfer in S; three catastrophes occur; one more than in Sy. The first
one happens at roz=1.06 A, and it corresponds to the breaking of the O-H bond, V(O,H),
the formation of a lone-pair in the Oxygen, V(Ol), and the emergence of the
pseudoatomic basin of the proton, V(H). From roy=1.06 A to the catastrophe at which the
N-H bond is formed (roy=1.4 A), the populations of the basins in S1 are similar to the
ones in SO. The only difference is that the population of V(H) prior to the formation of
the N-H bond is slightly higher in S; (0.55 e) than Sy (0.49 e). Right after the excitation
(FC), the population of the lone-pair of the N, V(N), is remarkably high (3.0 ¢) compared
with the ground state (2.65 e). This excess of electrons in the lone-pair remains constant
until a few hundredths of Armstrong before the N-H bond emerges. We believe that the
electrostatic attraction between this excess of electrons in the N and the positively
charged dressed-proton is the driving force that removes the barrier in the excited state. In
other words, the excitation enhances the basicity of the Nitrogen.

Notice that once the N-H bond forms, it inherits the electrons of V(N) and V(H).
Hence, the new N-H bond has about 3.5 e, which is a substantial excess of charge. This
bond persists only in a short range of the energy path (between roy=1.4 A and rop=1.5
A), given rising to three new basins. One of them is a new single N-H bond, V(N-H), with
about 2.5 e. The others are two new monosynaptic basins on the Nitrogen, whose spatial
distribution resembles a p. atomic orbital. The attractors of these basins form mirror
images with the molecular plane (see Figure 6.d), and its populations add up 0.96 e at
ron=1.5 4, but it increases to 1.2 e when the keto is reached. Thus, at the keto form in the
excited state, the Nitrogen had roughly one electron in excess in a non-binding basin,
which resembles a radical structure. Remarkably, in a recent study of the non-adiabatic
dynamics of the proton transfer of the SMA, Barbartti et al.>> found that at the beginning
of the proton transfer, the excitation has z-z character, but it changes to 7-n in the same

region where the non-bonding basin on the Nitrogen develops.
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The excitation also brings a weakening of the C7-N bond, which reveals in the
decreasing of the population of the basin V(C7,N) right after the excitation, and as the
proton-transfer progresses. While its population at the keto in Sy is 3.52 e, in S; is only
2.4 e. This reduction of the bond order upon excitation is consistent with the photo-
isomerization that may result in the trans-enol form in the ground state (see the left side
of the Scheme 1). Figure 6 summarizes the changes in topology of the ELF discussed
above by depicting the position of the attractors and their populations at significant values

of roH.

Figure 6. Population and location (spheres) of the basins of the SMA in the excited state at
significant 7oy distances (a) rop=0.98 A (enol ) , (b) rou=1.06 A, (c) rou=1.40, 4, (d) roy=1.82 4
(keto). The color code of the spheres is the same as the one of the Figure 2.

A comment on the change of aromaticity of the excited state with the proton
transfer is worthy. As we mentioned above, Rocha et al. suggest that the lack of barrier in
the excited state is because the proton transfer on it does not reduce the aromaticity of the
SMA, in opposition to what occurs in the ground state. We also observe a difference in

the aromaticity S; and Sy characterized by the spreading of the population of the bonds of
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the ring as the transfer progress (see Figures S1 and S2). Although the persistence of
aromaticity in S; plays a role in the dynamics of the reaction, we believe that the
electrostatic attraction between the proton and the lone electron on the N is the primary

driving force of the barrierless photoreaction.

3.3 Excited-state proton-transfer dynamics.

The proton transfer in the ground state has a barrier (0.31 eV) that it is about half
the total vibrational average energy of the whole molecule. If the transfer were to happen,
it would do so following a well define internal reaction coordinate that is basically the
elongation of O-H bond. However, in the excited state, the lack of barrier makes it more
likely that the transference follows other trajectories than the minimum energy path. If
this is true, our explanation of the ultrafast transference in terms of the topology of the
ELF in S; could be not robust enough. It could happen that the discussion of the last
subsection would be not valid for all plausible trajectories. To test possible dynamical
effects on the topology of the ELF in S;, we performed a study of the dynamics of the
proton transfer using BOMD on the excited state. We computed 20 trajectories as
described at the end of the section Computational Methods. For each trajectory, we
identify the time at which the proton is at the same distance from the O and N. Then, the
time of each trajectory is shifted to that point and the arithmetic mean of the position of
atoms of the 20 trajectories is taken. This defines an average trajectory for which the ELF
and its topology were evaluated. The populations of the basins of the ELF along the
average trajectory are shown in Figure 7. This figure is to compare with Figure 5. It is
clear that both plots have the same features and the dynamical effects, such as the out-
the-plane movement of the proton does not change the bonding topology. Specifically,
the highly charged lone-pair of the nitrogen, V(N), the temporary N-H bond holding 3.5
e, V(N,H), and the non-bonding radical basin of the N, are not affected by the vibrational
coupling of the O-H-N coordinate with the rest of the molecule. Finally, despite the set up
of the molecular dynamics was not intended to characterize the transference-time and its
probability of occurrence, our results are in good agreement with other authors. The
proton transference-time, measured as the time that takes the proton to sit middle way

between the O and N, is 25 + 8 fs, which agrees with other authors**™*.
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Figure 7. Variation of the population (in electrons) of the basins of the ELF as a function of the
ron distance (in 4) in the proton transfer in the excited state of the SMA. Only the populations of
the basins most involved in proton transfer are shown. The labels of the basins are the same as the
ones of the Figure 5.

Conclusions.

In this work, two questions have been addressed. One is how to compute the ELF
of excited states with the same spin-symmetry as the ground state within TD-DFT. The
second is what chemical and physical information reveal the topological analysis of the
ELF on the evolution of chemical bonds during the ESIPT in a prototypal Schiff base (the
SMA). Equation (4) summarizes our proposal on how to compute the ELF in excited
states using the natural orbitals of the 1PDM of the excited state. The main approximation
behind Eq. (4) is the HF-like reconstruction of the 2PDM in terms of 1PDM (Eq. (3). The
topological analysis of the ELF in the ground state reveals that the proton-transfer is not
concerted in the sense that the N-H bond does not create at the same time that the O-H
bond breaks. During a short period, the proton exists in a pseudoionic form dressed with
half an electron. In the ground state, the breaking of the O-H bond results in the
accumulation of three lone-pairs in the oxygen atom. This excess of electrostatic potential
energy and the reduction of the aromaticity with proton transfer explain the barriers

between enol and ceto forms of the SMA.
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The topological analysis of the ELF in the first singlet excited state shows a
primary difference in the properties of the lone pair of the N. Right after the excitation the
population of this lone-pair reaches 3 e, which is one electron more than one would
expect from Lewis structures. This excess of electrons in the N exerts an electrostatic
attraction on the proton and breaks the O-H bond. This excess of electrons can also be
interpreted as an enhancement of the basicity of the Nitrogen. Besides, in concordance
with previous work,” it is observed that in the excited state the reduction of aromaticity
from the enol to the ceto is modest compared to the ground state. However, The ELF
suggests that the electrostatic attraction between the proton and the lone electron on the N
is the primary driving force of the barrierless photoreaction. Also, the ELF shows that
after the formation of the N-H bond, the electron in excess in the bond is reallocated in
two non-bonding basins located out of the molecular plane. The formation of this non-
bonding structure coincides with a change in the type of the excitation (n-m to 7m-n)

recently found by Barbatti et al.* in a study of the photodynamics of the SMA.

Because the proton transfer in the excited state goes with no barrier, a minimum energy
path might not be a good representation of the paths actually followed by the proton.
Hence, we performed Born-Oppenheimer molecular dynamics calculations of the proton
transfer in the excited state to check the stability of the topological analysis of the ELF to
possible dynamic effects. The topology of an average trajectory is similar to the one of
the minimum energy path, which leads us to conclude that, in the SMA, the topological
analysis of the ELF in the excited state is robust to fluctuations in geometry that take the

reaction path out of planarity.

Finally, the description of the chemical bond, and its dynamics, in excited states
using descriptors that depend on the kinetic energy density, deserves further research. It is
important for instance, to study the effect of the inclusion of electronic correlation in the
reconstruction of the 2-PDM. Descriptors such as the ELF could be useful to shed light

on the mechanisms of photochemical reactions and photophysical processes.
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