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We investigated two important unresolved issues on excited state
intramolecular proton transfer (ESIPT) reactions, i.e., their driving force
and the charge state of the transferred species by means of quantum
chemical topology. We related changes in the aromaticity of a molecule
after electron excitation to reaction dynamics in an excited state.
Additionally, we found that the conveyed particle has a charge
intermediate between that of a bare proton and a neutral hydrogen atom.
We anticipate that the analysis presented in this communication will yield
valuable insights about ESIPT and other similar photochemical reactions.

Excited state intramolecular proton transfer (ESIPT)
processesl’2 are important photochemical reactions that
illustrate the considerable change in the chemical properties of
a molecule, e.g. the relative stability of its different tautomers
that might occur after electron excitation. Many different and
diverse systems exhibit ESIPT, leading to a considerable
interest in this phenomenon.l’s_8 The study of ESIPT transitions
has led to the development of several technological
applications such as molecular sensors,l'9 white-light emitting
materials,1 fluorescent molecular and biological probes,l’10 or
optoelectronic devices.™* This technology is based on the
possibility to modulate distinct features of ESIPT processes like
emission and absorption wavelengths, reaction reversibility or
the affinity for a specific group in molecules interacting with
the proton transfer system.l_a"s’e’u’12

The Schiff base salicylideneaniline (SA) is an interesting
system to study ESIPT due to its unusual excited state
dynamics in comparison with analogous compounds.m’le'_18
Scheme 1 shows the ESIPT process in SA. After the molecule is
excited by light corresponding to the first electronic transition
of the enol form, the tautomerism reaction takes place in the
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Scheme 1. Excited state intramolecular proton_transfer within
salicylideneaniline forming the keto tautomer. The subsequent
relaxation to the ground state with the structure of the enol
isomer is shown as well.

excited state, forming in this way a keto isomer which then
may evolve into different conformers. The photo-induced
proton transfer rate for SA in solution found in time-resolved
fluorescence up-conversion measurements is 50 fs,'° an
atypically fast time scale for this process that usually occurs in
a few picoseconds.l’20
processes for protium and deuterium reveals the absence of
tunneling effects for ESIPT in sat® Concerning computational
studies, there are also theoretical calculations that yield the

The comparison of the rate transfer

energetic profile for the tautomerism of salicylideneaniline
along the O-H distance in i) the ground (Sy) and ii) the first
singlet excited (S,) electronic states.”?* The potential energy
curve in the S; state does not show an energetic barrier for the
Schiff base to go from the enol to the keto isomer,? in
consistency with the very fast ESIPT rate observed in SA (vide
infra).
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Despite the experimental and computational information
about the ESIPT reactions”>®'%2° and especially that
occurring in SA,“’IO’H'”'ZS'26 there are still unresolved issues to
consider about this reaction. In particular, it is unclear which
structural, electronic and bonding features are responsible for
the proton transfer dynamics. Besides, some mechanistic
studies of ESIPTs in colorants suggest that the migrating
species could be either a proton or an electrically neutral
hydrogen atom.>”’ We investigated the reactivity in the
ground and the first singlet excited states of SA by means of
the Quantum Theory of Atoms in Molecules (QTAIM).28 The
nature of the transferred species in the ESIPT of SA was
examined through the Laplacian of the electron density, Vzp(r),
in both Sy and S, electronic states. We decided to use quantum
chemical topology (QCT) techniques because they have proven
to offer valuable insights about photophysical28 and
photochemical29 processes. In addition, QCT methods are
particularly  suitable for this investigation because
electronically excited states have bond orders and other
descriptors of the electronic structure of a molecule drastically
altered in comparison with those in the electronic ground
state. Such variations can be properly characterized by
topological analyses such as QTAIM. More specifically, in this
study it will be possible to relate changes in the aromaticity of
a molecule after electron excitation to reaction dynamics in
the first singlet excited state.

Concerning the electronic structure calculations performed
in this work, the corresponding degree of freedom for the
keto-enol tautomerism of salicylideneaniline in the electronic
states Sy and S; was the internuclear distance between the
oxygen and the transferred hydrogen atom do_y as shown in
the bottom of Figure 1. Partial geometry optimizations in the
aforementioned electronic states were performed for different
values of dy_y to study the intramolecular transfer reaction of
interest. We used density functional theory (DFT) and linear
response time-dependent DFT for the computation of
electronic energies and densities at the ground and the first
singlet excited state respectively. The exchange-correlation
functional tHCTH—hyb30 along with the 6-311G++(d,p) basis set
were considered throughout this work, because their joint
utilization has provided a good description of excited
electronic states in organic molecules.”® The choice of this
functional was also based on the fact that it describes very well
the emission and absorption of SA in cyclohexane, which are
the experimental values taken as reference (Table S1 in the
Supporting Information). The results obtained with THCTH-hyb
are to be contrasted with those computed with range
separated-functionals like CAM-B3LYP?' and LC-BLYP*? which
have considerably large errors (up to 0.79 and 0.74 eV for the
absorption and emission respectively) with respect to the
experimental value.

The Gaussian 09 package33 was used for all electronic
structure calculations. The ground and excited state QTAIM
analysis was done as recently suggested in reference 28. More
precisely, atomic energies were calculated by considering the
virial ratio and the Kohn-Sham noninteracting kinetic energy.28
The examination of the QTAIM properties and Vzp(r) for the
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Figure 1. Potential energy curves for the conversion from the enol to the
keto tautomer in the Sp and S; states of salicylideneaniline.

ground Sy and the excited state S; was performed using the
AIMAII package.34

We first consider the potential energy curves for the
prototropic tautomerism of salicylideneaniline in the Sy and S,
states as shown in Figure 1. The results agree with those from
Ortiz-Sanchez et cll.,22 thereby indicating the suitability of the
exchange-correlation functional and basis set considered in
this study. Similar profiles to those observed in Figure 1 were
calculated with the aid of the long range corrected functionals
CAM-B3LYP and LC-BLYP (Figure S1 on the Supporting
Information), with the aforementioned difference that the
THCTH-hyb approximation compares better with experiment
regarding the absorption and emission of SA. Concerning the
ground state (black curve in Figure 1) the reaction involves an
energetic barrier of 0.23 eV = 5.36 kcal/mol which prevents
the occurrence of a fast proton transfer in Sy. The structure of
the corresponding transition state has an oxygen-hydrogen
distance do_y = 1.3 A. The energy profile changes radically in
the first singlet excited state as shown in the red profile in
Figure 1 wherein the reaction from the enol to the keto
tautomer in the S; state is a barrierless process. The computed
energy profile is in accordance with the very fast rate of ESIPT
in SA."®

The electron density analysis presented in this article relies
on the division of salicylideneaniline into the following groups:
(a) the atoms participating directly in the tautomerism
reaction: i) the oxygen, ii) the nitrogen and iii) the transferred
H indicated as H*; (b) the aromatic rings: iv) —CgHs (aniline
ring) and v) —-CgH, (phenol cycle); and (c) vi) the —CH group as
shown in Scheme 2(a). This partition is based on the different
role that each group might have in the resonance assisted
hydrogen bond (RAHB) entailed in the tautomerism of
salicylideneaniline (Scheme 2(b)).

We consider now the change in group energies, AE(A),
which fulfil the relationship

AE = ZAAE(A), €]

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Change in the energies of the grours displayed in the first part of Scheme 2 in (a) the ground and (b) the first singlet excited state in the conversion

from the enol to the keto tautomer of salicylideneaniline.

in which AE is the change of energy associated to a given
process. Figures 2(a) and (b) show the changes of the group
energies (Scheme 2(a)) throughout the conversion from the
enol to the keto structure. We note that the groups —CgH, and
O (N and H*) become destabilized (stabilized) in both the
ground and first singlet excited state. It is the reduction of
energy of the N and H* groups which allows the reaction to
occur in the S, state.

In order to further compare the changes of the group
energies across the transformation from the enol into the keto
isomer of SA, we considered the difference in the values of AE
for the reaction in the ground and the first singlet excited
state, AAE, together with the corresponding group
contributions,

AAE = AE(S;) — AE(Sy) = Z AAE(A)
A

= ZA(AE(A, S;) — AE(4, Sp)). (2
where AE(S;) (AE(So)) is the change in energy of the enol to the
keto isomers transformation in the S; (Sy) state, and AE(A,S,)
(AE(A,Sp)) is the corresponding contribution from group A. The
more negative the value of AAE(A), the larger the contribution
of A to the observed difference in reactivity of the So and S,
states in the intramolecular hydrogen transfer of SA. Table 1
points out that the most important negative contributions to
AAE come from the aromatic rings within SA. Figure 2(b) and
Table 1 show that even when AE(—CgH,4, S1) = 1.99 eV > O, the
value of AAE(-CgH,) is negative (-2.18 eV). This means that the
electron redistribution represented in Scheme 2(b) increases
the energy of the —CgH, group across the transformation from
the enol to the keto structure in both Sy, and S; electronic

Table 1. Values of AAE (Equation (2)) for the groups of Scheme 2(a) in the
transformation from the enol to the keto form of salicylideneaniline.

Group | AAE /eV | Group | AAE eV
—CeH,s | —2.176 H* —0.770
—CeHs | —0.848 —0.424

CH 1.922 (6] 1.709
Total | —0.588

This journal is © The Royal Society of Chemistry 20xx

states, but the increment is considerably smaller in the latter
case.

The increase of the —CgH, energy in the enol to keto
tautomerism of SA is consistent with the fact that this reaction
destroys the aromatic sextet of this cyclic structure as seen in
the right of Scheme 1. Hence, we decided to investigate the
aromatic character in both electronic states of the phenol ring
by means of the index>®

o= @- 60)2)%,

in which Jy is the sum of electron delocalization of a carbon in
the benzene molecule in its ground state while J, is the
comparable quantity of a C atom within a particular ring, e.g.
the —C¢H, unit. The parameter #’ measures the deviation
between the uniform electron delocalization of CgHg in its Sg
state and that found in a specific cyclic structure. The aromatic
character of a given ring is reduced with increasing values of
6. Figure 3 shows the evolution of 8’ throughout the reaction
for the —CgH, cycle for the two electronic states under
consideration. As expected, the aromaticity of the phenol
moiety is lost as the reaction proceeds. Although the
delocalization indices of the keto form in the Sy, and S; states
differ considerably (the RMSD deviation being 0.46 which is
higher than any value of &(Q) in Figure 3), the aromaticity of
the Sy and S; states of the keto form of SA are similar as
indicated by & (Q). This statement is also supported by the
multicentre aromaticity indices IRing(Q),36 ING(Q),37 MCI(Q),33
and INB(Q)37 (assessed in reference 39 for the analysis of
chemical reactions) as shown in Figure S2. As opposed to the
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Scheme 2 (a) Partition of the salicylideneaniline molecule considered in
this work. (b) Resonance assisted hydrogen bond involved in the proton
transfer in ground and excited states of salicylideneaniline.
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Figure 3. Aromaticity index 6, equation (3), for the —CgH,4 ring across the
transformation from the enol to the keto isomer of salicylideneaniline in
the Sp and S; states.

aromaticity index & (Q2), the aromatic character of a given ring
Q increases with the values of /ging(Q2), Ing(€2), MCI(Q), and
Ing(Q2). The indices /lping(€2) and Iyg(Q2) predict even that the
aromatic character of keto isomer in the first singlet excited
state is larger than it is in Sy. In addition, the curve for the
former state is far steeper than that of the latter. Indeed, the
enol tautomer is significantly less aromatic in the S; state than
it is in Sg. This means that the absorption of light triggering the
reaction substantially impairs the aromaticity of the phenol
structure, and thereby propels the tautomerism of SA in the
excited state. Because the aromatic character of the —CgH,
moiety has already been weakened as a consequence of
electron excitation, the energetic change of this functional
group as the S; tautomerization takes place does not
overwhelm the stabilization of the N and H* atoms during the
reaction. The electron redistribution associated to the RAHB
described in Scheme 2(b) occurs without a barrier, leading to
the enol-keto taumerism of SA in the S, state. On the contrary,
the loss of aromaticity of the —CgH, ring in ground state is
prohibitive for the reaction to occur as reflected in the very
large increase of the energy of this group in Figure 2(a) (4.26
eV). We obtained a similar description of the driving force of
the ESIPT of SA through the use of the multicentre indices in
Figure S2. The fact that the /gig(€2) and /yg(€2) indicator predict
a larger aromaticity for the keto form in the first singlet excited
state than for S, provides further evidence that the loss in
aromaticity throughout the tautomerization reaction in ground
state is far more prohibitive than it is in the S, state as stated
above. Although the aromaticity of the —C¢Hs group is reduced
after photoexcitation, the changes in the aromatic character of
the aniline ring are smaller than those of the phenol moiety in
virtue that the aromatic sextet of the former is not destroyed
throughout the tautomerism reaction.

Finally, to determine the nature of the transferred species
(i.e. whether it is a proton or a neutral hydrogen atom) in the
reaction under study, we considered the QTAIM populations of

4 | Phys. Chem. Chem. Phys., 2015, 00, 1-3

H* throughout the potential energy curve of the first singlet
excited state in Figure 1 (red profile). A bare proton (neutral
hydrogen atom) will have an atomic population close to zero
(one) electrons. Figure 4(a) shows that the atomic population
of H*
intermediate between these two limit situations. The number

across the prototropism of SA in Sy and S; is

of electrons in H* across the hydrogen atom transfer reaction
goes from 0.4 to 0.5 in both electronic states. This might be
related to the difficulty to experimentally determine the
character of the conveyed hydrogen atom. On one hand laser
flash photolysis27 luminescence®
experiments indicate the transfer of a neutral hydrogen atom
while on the other time-resolved photoelectron
spectroscopy10 points to the transfer of a proton.

To further examine the character of the transferred

and time resolved

hydrogen atom, we considered profiles of Vzp(r) across the
prototropism reaction shown in Figure 4(b). It is observed that
there is a region of local charge concentration connecting the
basins of the oxygen, hydrogen and nitrogen atoms involved in
the reaction in the excited state S;,. We compared these
profiles with those corresponding to the systems [F---H---F]~
and [H5C--H---CH;]" (Figures 4(c) and (d)) the intermediate
species in the transfer of i) H* between HF and F~ and ii) H’
amidst H;C and CH,. As Figure 4(b) illustrates, the profiles for
Vzp(r) in the ESIPT of SA are similar to those for the transfer of
a neutral hydrogen atom in the reaction H;C + H,C > H3;C-H +
‘CH; (Figure 4(d)) and differ considerably to those for the
proton transfer in Figure 4(c) wherein the regions separating
the hydrogen from the fluorine atoms are characterized by a
local depletion of electron charge. Thus, in consistency with
the population analysis discussed above, the contours of Vzp(r)
indicate that there is an important amount of electron
distribution around the hydrogen atom transferred in the
investigation. To finish this
communication, we indicate that similar interpretations about
the ultrafast ESIPT reaction of SA based on the topology of the
electron density, its Laplacian and aromaticity indices are
obtained by using the long range corrected CAM-B3LYP
functional along with the same basis set used up to this point
as shown in figures S3-S6 and Table S2 on the Supporting

tautomerism of SA under
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Figure 4. (a) Changes of the atom population of H* throughout the
prototropism of salicylideneaniline in the So and S; states. Profiles of
V’p(r) in the midpoint of the atom hydrogen transfer within (b)
salicylideneaniline in its first singlet excited state along with those in the
ground state between (c) F~ + HF and (d) CHs + CH3'.
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Conclusions

We studied the driving force and the nature of the conveyed
species in the ESIPT of salicylideneaniline through quantum
chemical topology analyses. The results indicate that the
marked differences in ESIPT reactivity for the Sy and S, states
of salicylideneaniline are due to a considerable loss in
aromaticity after photoexcitation, allowing thereby the
redistribution of electron density to trigger the
tautomerization reaction. Additionally, the analyses of atomic
populations along with that of the Laplacian of the electron
distribution indicate that the reaction involves the transfer of a
hydrogen atom associated with an amount of charge density
intermediate between that in a bare proton and a neutral
hydrogen atom. Overall, we show how the analysis provided in
this communication by means of quantum chemical topology
methods might help in the understanding of ESIPT reactions,
especially about the driving force of the process and the
nature of the transferred species. In particular, we have herein
done the first quantitative description of how the electronic
structure changes that occur upon electronic excitation propel
a photochemical process. We anticipate that this kind of
investigation will yield valuable insights on other reactions of
interest to the photochemistry community.
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