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Abstract Excited state intramolecular proton transfer (ESIPT)
reaction along the O-H---O hydrogen bond of o-hydroxy benz-
aldehyde (OHBA), methyl salicylate (MS) and salicylic acid
(SA) was investigated by ab-initio quantum chemical calcula-
tion and theory of atoms and molecules (QTAIM) for the first
time. Variation in several geometric as well as QTAIM param-
eters along the reaction coordinate was monitored in the fully
relaxed excited state potential energy curve (PEC) obtained
from intrinsic reaction coordinate (IRC) analysis. Although, the
excited state barrier height for the forward reaction (AE,")
reduces substantially in all the systems, MS and SA do not
show any obvious asymmetry for proton transfer. For MS and
SA, the crossover of the bond index as well as the lengths of the
participating bonds at the saddle point is assigned due to this
symmetry in accordance with bond energy — bond order
(BEBO) model, which does not hold true in OHBA both in
the ground and excited states. Bond ellipticity, covalent and
metallic character were examined for different structures along
the reaction path within the QTAIM framework. The QTAIM
analysis was found to be able to uniquely distinguish between
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the ground and excited states of the OHBA molecule as well as
both determining the effects on the bonding character of adding
different substituent groups and differentiating between the
ESIPT reactions in the SA and MS molecules.
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Introduction

Weller [1-3] was the first to propose an intramolecular
proton transfer reaction in the excited state (ESIPT) to
account for the unusually large Stokes-shift in the fluores-
cence properties of methyl salicylate (MS, Scheme 1) parent
molecule. Since this first observation and its subsequent
explanation, the field of ESIPT reactions has been expand-
ing rapidly due to its potential application in different areas
of science and technology [4—14].

ESIPT usually involves probing of six membered rings with
an intramolecular hydrogen bond; though, the involvement of
five as well as seven membered ring systems has also been
observed [15, 16]. ESIPT molecules are normally stable in the
enol form (E) in the ground state but in the tautomer (keto)
form (K*) in the excited state; therefore, such molecular sys-
tems can undergo four-level cyclic proton transfer reactions as
depicted in Scheme 1. Thus, the absorption from E — E* and
the emission from K* — K result in an exceptionally and
anomalously large Stoke’s shift. However, sometimes the nor-
mal E* — E emission is also observed along with the ESIPT
emission. Normally, the proton moves between two hetero
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atoms of the type —-O-H:+--:O, —N-H:++-:O, —S-H----:O etc. Due to
its intramolecular character, ESIPT can be investigated under
well defined conditions and it can be directly initiated by
absorption of photons from an ultra-short laser pulse. Photon
absorption causes a rapid change in the electron density distri-
bution within the molecule in the excited state resulting ESIPT.
In addition, ESIPT allows studying the basic features of a
chemical reaction, i.e., bond fission and formation in a com-
paratively simple situation.

ESIPT reactions are characterized by double well poten-
tial energy surface (PES), where the reactant stays in one
side and the product (photo-tautomer) on the other [17-19].
Depending on the barrier height between these stationary
points, ESIPT reactions may proceed either as proton tun-
neling or as a part of intramolecular vibrational redistribu-
tion (IVR) in a barrierless adiabatic potential. Indication of
proton tunneling could be observed by kinetic isotope effect
(KIE) [20-22]. The extent of KIE dependence is limited to
the factors as the degree to which the reaction is nonadia-
batic and characterized by tunneling through the potential
barrier or if the reaction occurs by means of IVR, then the
role of vibrational motions other than the O-H stretch are
important. There is precedent for ESIPT that do not exhibit
KIE [23, 24]. In these cases, ultra-short excitation of the
initial molecules causes a vibrationally hot state, from which
intramolecular relaxation caused by the change in geomet-
rical parameters leads to the formation of the product. Over-
all, a significant number of experimental and theoretical
results are available that discuss the mechanistic steps in-
volved in the ESIPT process [25-27]. However, to the best
of our knowledge, there is no report on several bond prop-
erties among different structures along the fully relaxed
potential energy surface, particularly in the excited states
even for the model ESIPT systems like o-hydroxy benzal-
dehyde (OHBA), salicylic acid (SA) and MS (Scheme 1)
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etc. In this report, we present the full analysis on excited
state properties of these systems obtained by complete ab-
initio geometry optimization and theory of atoms and mol-
ecules (QTAIM). Comparative study on the ground state
parameters are also presented for OHBA only.

Methods
Geometry optimization and construction of reaction path

All calculations were done using Gaussian 03 program pack-
age [28]. The geometries of the ground and first singlet
excited state of the primary structure (E) of all the systems
were fully optimized with Hartree—Fock (HF) and configura-
tion interaction singles-excitation (CIS) method, respectively,
using the split-valence Gaussian basis set with polarization
and diffused function 6-311++G(d,p) following the number-
ing scheme given in Scheme 1. Frequency calculation in each
case was done to confirm the stationary point. All real fre-
quencies have confirmed the presence of the local minimum,
while one imaginary frequency indicated the existence of a
transition state.

The IRC calculation was performed using mass-weighted
internal coordinate with a step-size of 0.1 amu'*-Bohr, as
implemented in the Gaussian 03 program. Then five points
were selected on each side of TS in the reaction profile to
cover the entire reaction path for the formation of E to K.

The rate constant for proton transfer (ky;) at temperature T
was estimated using the conventional transition state theory
(TST) equation [29]:

(1) = £(1) ST A0 -2, o
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where, gts and gg represent the partition function for the
transition state (TS) for proton transfer and the species S
(OHBA, MS or SA), respectively; kg is the Boltzmann con-
stant, AE," is the barrier height including zero point energy.
The ITT) is the correction factor for tunneling, since tunneling
is an important factor for proton transfer reaction. The tunnel-
ing correction was estimated by using the Eckart’s unsymmet-
ric barrier method [30]. The details of this procedure can be
found elsewhere [31]. The partition functions were calculated
using the harmonic oscillator-rigid rotator model.

QTAIM calculation protocol and definition of different
parameters

QTAIM [32] is an extension of quantum mechanics to sub-
domains which define an atom as an open system and
provides a powerful method for the study of bonding using
only the charge density distribution p(r). QTAIM is well
suited to returning a rich quantitative description of complex
and strained bonding environments [33]. No assumptions
are made about the stability or topology of the bonding
interactions of the atoms within molecules since there are
a set of consistent descriptors that can determine such prop-
erties without bias. We can identify critical points in the
charge density distribution where Vp(r)=0, and further clas-
sify these points according to the properties of the Hessian
matrix (the matrix of partial second derivatives of F(r) with
respect to the components of r) evaluated at these points.
Diagonalizing this matrix gives the coordinate invariant
(ordered) eigenvalues A;<A,<Asz, and the critical points
are conventionally labeled using the notation (w, o) where
w is the rank (the number of distinct eigenvalues) and o is
the signature (the algebraic sum of the signs of the eigen-
values). In three dimensions, there are four types of topo-
logically stable critical points; these are denoted as (3,-3) [a
local maximum, usually corresponding to a nuclear position
(NCP)], (3,-1) and (3,+1) [saddle points, called bond critical
points (BCP) and ring critical points (RCP), respectively],
and (3,+3) [cage critical points (CCP)]. We also define a
piecewise continuous gradient path by evaluating Vp at
some point, then following this vector for an extremely
small distance and evaluating Vp again. In the limit of an
infinitely small step, the path is continuous and corresponds
to the true gradient path. The pair of special gradient paths
linking a BCP with two nuclei and along which p is a
maximum with respect to any neighboring path is known
as an atomic interaction line (AIL). A bond-path is then said
to exist between two nuclei linked by an AIL when the
forces on the nuclei vanish (i.e., the structure is in equilib-
rium or geometrically optimized). QTAIM therefore pro-
vides a universal definition of what constitutes bonding; if
a bond-path exists between two nuclei, they are considered
to be bonded.

Closed shell interactions (e.g., ionic bonds and hydrogen
bonds) are characterized by positive values of Vp(r), low
p(rp) values (< 0.1 au), and values of |A;|/A;<1; these types
of interactions are dominated by the contraction of charge
away from the BCP toward each of the nuclei. Conversely,
shared interactions (e.g., covalent bonds) have negative
V2p(r,) values, high values of p(r,), and values of |A;|/As>
1. The larger the value of |A|//A; at a BCP, the ‘softer’ or
fuzzier a bond is. This idea of bond softness is related to
metallic character, so the softer a bond the more metallic it is
[34]. The inequality |A{[/A3<1 holds for all closed shell
bonding interactions, and |A;|/A;3 is related to the rigidity of
the bond path.

We can also define an ellipticity

E:Mlvﬂg—l (2)

as a measure of the relative accumulation of charge in the
two directions e; and e, perpendicular to the bond-path at a
BCP. The most and least preferred directions of electron
accumulation are e; and e, respectively. The ellipticity
provides a measure of pi and sigma bond character; larger
values (>0.1) indicate pi bond character and lower values
sigma bond character [32]. The conformers we are
concerned with in this work are molecular and the numbers
of the four different types of three dimensional critical
points are related by a fundamental theorem of topology;
the Poincaré-Hopf relationship [32]:

n—b+r—c=1, (3)

where n, b, r, and ¢ are the numbers of NCPs, BCPs, RCPs,
and CCPs, respectively. Care must be taken to ensure that all
of the critical points are found since it is possible that if a
critical point finding algorithm misses both a BCP and an
RCP from the same charge density distribution, then an
apparently valid solution of (3) is possible.

In this work we are primarily interested in properties
evaluated at the BCPs, e.g., the charge density evaluated at
the BCP denoted by p(r,) and the Laplacian VZp(r,) also
evaluated at the BCP. It was proposed earlier that p(r;) for
hydrogen bonds lie in the range 0.002-0.035 au and the
Laplacian V(1) in the range of 0.024-0.139 au for posi-
tive V2p(r,) [35, 36].

In order to address the issue of cooperativity in the
bonding, we use the local total energy density at the BCP
suggested by [37]:

H(ry) = V(ry) + G(rp). (4)

Previously, one of us found that the usual strength in
hydrogen bonds in ice Ih could be explained in terms of
Eq. 3 [38], in agreement with experiment [39], where a
degree in covalent character is indicated by H(r;)<0. Paul-
ing describes the metallic bond as a partial covalent bond
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between nearest neighbor atomic centers [40]. The more recent
work on metallicity by Silvi et al. [41, 42] within the QTAIM
framework is consistent with Pauling’s view. In QTAIM, co-
valent character in a metallic bond is associated with non-
negative values of the local energy density, H(r,) [34, 35, 37].

In this work we consider for the first time, to the author’s
best knowledge, the QTAIM will be used to investigate the
excited states for intramolecular proton transfer reaction in
OHBA, SA and MS. Previous theoretical studies of evaluation
and interpretation of QTAIM in excited states show both that
the HF-cis method is appropriate for the creation of charge
densities and that there is a significant difference between the
ground state and first excited state in QTAIM properties [43].

Because ESIPT process involves a considerable amount
of charge transfer, it is assumed that the QTAIM is particu-
larly suited to monitor the subsequent changes in the chem-
ical nature of the bonding. Previous studies on excited states
have discovered metal to insulator transitions [44], so we
thought that it would be relevant for excited states to apply
the QTAIM metallicity measure, &(r,), previously intro-
duced by one of us [34]:

&(r) = p(rs) /V2p(rs) (5)

forV2p(r,) > 0. Where, &(r,) > 1 for metallic BCPs.

A quantity that behaves in a rather similar manner with
respect to predicting the direction of motion of atoms under
stress, [45], previously used by one of us to examine the
motion of hydrogen atoms [33].

Advantages of using QTAIM to study excited states in-
clude the ability to be able to follow the changing chemical
character of the bonding on a bond-by-bond basis. Further to
this, the metallicity, &(1,) gives relative values of the variation
in the charge density with respect to the charge density, since
the Laplacian VZp(ry) provides the measure of the variation of
the charge density as it is a higher derivative. This means that
we can get a better understanding of the unusual bonding
environments that occur during ESIPT, such as closed shell
or shared shell interactions with large values of the charge
density p(r,) or very low values of the Laplacian V2p(1p). In
other words, use of the metallicity &(r,) will be able to describe
how the hydrogen and sigma bonds are chemically rather
different due to the effects of the excited state and the ESIPT
process as compared from these bond types in the ground state
without the occurrence of ESIPT.

Results and discussion
Ground state ab-initio calculation for OHBA, MS and SA

As already mentioned, OHBA, SA and MS were selected
for this investigation and the ground state geometries of all
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these compounds were fully optimized without any symme-
try restrictions to find the global minimum structure. Only
the enol form (E) was found as the most stable structure in
the ground state for all of these compounds. Searches for a
keto (K) minimum in the ground state were also undertaken.
For OHBA, the K conformer is found to be energetically
unstable by 67.3 kJ mol”' compared with the E conformer
and is also associated with a forward barrier height of
78.95 kJ mol™ (see below for the details of calculating the
transition state, TS and construction of reaction path). How-
ever, the optimization procedure always led directly to E,
both in the cases of MS and SA. We, therefore, optimized
the K structure using restricted optimization; where, the
012-H15 bond was first kept fixed at 0.96 A while optimiz-
ing the rest of the structure and then O12-H15 bond was
relaxed keeping other structural parameters fixed at their
respective optimized values. In this way, the ground state
energy difference between the E and K conformer of MS is
found to be 90.4 kJ mol™. So, for all practical purposes, it
can be concluded that, in the ground state, all the com-
pounds exist in the hydrogen bonded enol structure (E). It
is to be noted here for both MS and SA, alternative hydro-
gen bonded structure is also possible to exist (E1 in
Scheme 1). However, the ground state energy of the E1
conformer is higher in energy by almost 13.68 and
12.38 kJ mol™ for SA and MS respectively, compared to
the respective E conformers. So, it is unlikely that even a
small fraction of E1 will exist in the ground state at room
temperature. Moreover, as this conformer is not suitable for
proton transfer even in the excited state, we do not consider
them explicitly in our calculation.

The important geometric parameters in the vicinity of
hydrogen bonding site resulting from the S, state optimiza-
tion procedure for all the compounds are listed in Table 1
along with the available experimental results [46, 47]. Very
close agreement of the calculated bond lengths and angles
with the experimental values further strengthens the appli-
cability of the calculation protocol used in the present study.
The calculation also reveals perfectly planar structure for all
the compounds in the ground state.

Proton transfer in ground and excited states: comparison
of different parameters along the reaction path

Full optimization of the E and K forms of OHBA in the first
excited singlet state reveals stability reversal in comparison
with ground state. For example, in case of OHBA, K" is
found to be 20.1 kJ mol' more stable than the E* conformer.
These energy differences suggest that under normal exper-
imental condition OHBA will be in the E form in the ground
state; while on the other hand, K will be the predominant
form in the S, state. Also, the forward barrier height asso-
ciated with the ESIPT process decreases substantially. For
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Table 1 Ground state geometric parameters for OHBA, SA and MS
obtained by full optimization at HF/6-311++G(d,p) level of calcula-
tion.* The available experimental parameters are given in the
parenthesis®

Parameters System
OHBA SA MS

r(C3-C4) 1.4012 (1.39) 1.4000 (1.404) 1.3998
r(C4-014) 1.3279 (1.36) 1.3278 (1.358) 1.3288
r(O14-H15) 0.9492 (1.04) 0.9492 (1.029) 0.9494
r(C3-Cl11) 1.4663 (1.46) 1.4721 (1.457) 1.4775
r(C11-C12) 1.1958 (1.22) 1.1971 (1.234) 1.1983
r(O12—H15) 1.9026 1.8592 (1.704) 1.8468
r(012—014) 2.7046 2.6619 (2.620) 2.6529
0(C4-C3-Cl11) 121.45 119.72 (120.4) 119.77
6(C3-C11-C12) 124.86 124.49 (122.9) 123.79
0(C11-C12-H15) 99.45 100.77 101.31
0(C3-C4-C14) 122.94 123.83 (122.7) 123.82
0(C4-C14-C15) 110.62 110.56 (106.2) 110.30
06(012-H15-014) 140.68 140.62 141.02

* Bond lengths (r) and angles (0) are in A and degree, respectively;
® Experimental results for OHBA and SA are obtained from micro-
wave spectroscopy [46] and single crystal x-ray diffraction pattern
[47], respectively

example, in case of OHBA this value is 9.66 kJ mol™.
Interestingly, the energy difference between the E and K
form at the S; state is found to be only 1.1 and 2.1 kJ mol™
for MS and SA, respectively. Thus both the forms are likely
to exist in almost equal probability. It has already been
reported that excitation of the E conformer in case of OHBA
gives a large Stokes-shifted single broad fluorescence orig-
inated from the K structure [48, 49]. However, for both MS
and SA, fluorescence emission from the E” is also observed
in addition to the ESIPT fluorescence (from K" conformer)
[1, 50]. In most of the literatures, the origin of this normal
fluorescence is ascribed due to the presence and simulta-
neous excitation of the non-ESIPT structure E1 from the
ground state [51, 52]. However, as described in the previous
section, our calculation reveals that the presence of El is
most unlikely in the ground state to explain the origin of
normal fluorescence in MS and SA. Rather, it is more likely
that the co-existence of both E and K in the excited state that
plays an important role.

The calculated barrier height (AE," = Ers — Es, where
Etg and Eg are the energies of the TS and species S includ-
ing the zero point vibrational energy) of proton transfer for
the formation of K from E in the excited state (S;) of OHBA
amounts to 9.66 kJ mol™, whereas the same for the ground
state is found to be 67.61 kJ mol™. Thus excitation from S
to S, state results in a drastic decrease in the barrier height
for proton transfer. The AE,” values for MS and SA are

calculated to be 11.71 and 12.55 kJ mol™'. Overall, the
ESIPT in all these compounds are found to be feasible both
in terms of thermodynamic and kinetic criteria (Table 2).
The calculated proton transfer rate constant (ki) values
using Eq. 1 at the S; state of OHBA, MS and SA are
2.02x10", 1.18x10"" and 9.18x10'® 57!, respectively, at
298 K corresponding to the ESIPT time ca. 5~10 ps. Exper-
imental results suggest that the ESIPT rate for intramolecu-
larly hydrogen bonded systems vary within a few hundred
of femtosecond till several picosecond [4, 53, 54]. The
calculated ESIPT times are at least an order of magnitude
higher. This difference might be due to the implicit higher
barrier height invoked in the HF and also in the CIS calcu-
lations for the systems where massive change in electronic
structure occurs after excitation, similar to those studied
here [55, 56]. Also, involvement of multidimensional relax-
ation from vibrationally hot state as well as possibility of
conical intersection, which normally are not taken into con-
sideration in these calculations, may contribute toward this
difference [57, 58]. Even, with the help of time-resolved
photoelectron spectroscopy, an ESIPT time of <45 fs was
predicted for OHBA [59]. On the other hand, real-time
dynamics study of ESIPT process in MS using femtosecond
depletion technique reveal the corresponding time to be
~60 fs [60]. Therefore, it can be concluded that, although
the calculated results differ significantly from the experi-
mental values; a qualitative pattern of the rate parameters
can even be predicted from these simple calculations for a
series of similar systems.

Proton transfer in ground and excited states: comparison
of different parameters along the reaction path

Different geometry parameters might influence the excited
state energy and geometrical reorganization in the proton-
transfer process and the parameters associated with ESIPT
process could exhibit changes during photo-tautomerization.
To look into the details of the changes of different structural
parameters, fully relaxed geometry optimization was per-
formed for all the compounds at different points of the reac-
tion path using intrinsic reaction coordinate (IRC) analysis.

Table 2 Energy parameters of the enol (E) and keto (K) conformers of
OHBA, SA and MS in both S, and S, states®

System Enol (E) Keto (K)

So S, So S,
OHBA —418.407581 —418.221610 —418.382101 —418.230728
SA —493.325635 —493.132386 —493.289482 —493.131502
MS —532.355701 —532.161311 —532.319446 —532.160743

Restricted optimization technique was followed for the K conformer
of SA and MS in the S, state. See text for details
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Figure 1 shows the excited state potential energy curve (PEC)
for all the compounds. It is seen from the figure that although
the barrier height is substantially low (9~12 kJ mol™") in all the
cases, the energy of the terminal structures are almost same for
both MS and SA in comparison with high exothermicity for
ESIPT in case of OHBA as mentioned in the previous section.
The fully optimized structures at each point are shown for
OHBA only, as a representative case. The variation of differ-
ent parameters along the reaction path for OHBA in the
ground as well as in excited state is shown in Fig. 1S(A) along
with the corresponding figures of excited states of MS and SA
(B and C, respectively). As expected, C3-C11, C4-O14 and
O12-H15 distance decreases while going from E to K struc-
ture; while, all other bond lengths in the vicinity of intramo-
lecular hydrogen bond increases. Careful analysis of the bond
length change reveals certain interesting observations. For
example, C3-C4 bond distance in the E conformer of OHBA
is almost similar (~1.40 A) both in the ground and excited
state. In the ground state, increase of O14-H15 distance by
0.03 A toward the formation of K conformer corresponds to
the increase in C3-C4 distance by only 0.01 A. However, in
the excited state, increase of O14-H15 distance by 0.05 A is
associated with 0.1 A lengthening of the C3-C4 bond. Simi-
larly C4-0O14, C3-C11 and O12---H15 bonds were also seen to
be very sensitive; however, this sensitivity is not pertinent in
case of C11-O12 bond. Similar observation holds true for MS
and SA as well. It is to be noted here that the angle O12-H15-
014 undergoes huge change (~20°) in the transition state.
Flattening of this angle associated with simultaneous reduc-
tion of O12.---O14 distance points toward preferential inward
motion of the light proton (H15) during the ESIPT process.

Furthermore, it is also interesting to note that the neighboring
bond angles of the transferring proton, viz. C4-C14-H15 and
C11-O12-H15 undergoes gradual change during the conver-
sion of E—K; while the rest of the angles are very sensitive to
proton motion and show a drastic change even for a very small
displacement of the proton.

To look explicitly into the nature of variation of bond
orders during the ESIPT process, natural bond orbital
(NBO) calculation was performed for all the structures
in the reaction both in the ground and excited state.
Figure 2 shows the representative example in the case
of OHBA. Interestingly, the increase in O12-H15 bond
order and simultaneous decrease in O14-H15 bond order
does not show a cross over exactly at the TS point both
in the ground as well as in the excited state. While in the
ground state, the cross over occurs one step ahead in the
reactant side of the TS, the same occurs one step further
toward the product in the excited state. On the other
hand, for SA and MS, the bond order crossover occurs
exactly at the point of TS structure. Similar observations
are also seen in the variation of these two bond lengths
along the reaction path for all the molecules. This is
contrary to the bond order conservation principle in-
voked in bond energy bond order (BEBO) calculation
[61, 62]. However, as proposed in an earlier communi-
cation [63], the non-coincidence of the BO inflection
point with the TS structure might be due to the unsym-
metrical nature of the two bonds. Another point is that in
the ground state, the TS is closer to K conformer; where-
as in the S; state, it is closer to E conformer as expected from
Hammond’s principle. Hence the crossover in BO occurs

Fig. 1 Potential energy curve
for the excited state enol (E) —
keto (K) conversion of OHBA
(a), SA (b) and MS (c). Fully
optimized structures at different

24
18
12

6_

o4 =W

. . ()

points along with the transition
state (TS) are shown for OHBA
only

28 -
21
14
_—

7@
20 -

0_ &
10

Energy (kJ mol'1)

o4 m

104
20 ]
.30 _-
-40 ]
.50 _-

-60

o4  m

@ Springer

Reaction co-ordinate



J Mol Model (2012) 18:4225-4237

4231

0.8

0.7 4

0.6

0.5+

0.4+

0.34

Bond Order

0.2+

0.1+

0.0 4

E TS K

Bond Order

E TS K

Fig. 2 Variation of bond order of O14-H15 (black dots) and O12-H15 (red dots) bonds along the reaction path in the ground (a) and excited (b)

states

closer to the deeper potential and slightly before or after
the energy attains it maximum value in TS, which is
related to the crossover of proton from one potential well
to the other. This observation further ascertains that the
ESIPT occurs through somewhat more symmetric poten-
tial in both the cases of MS and SA compared with that
in OHBA.

QTAIM calculation results

The results from QTAIM for the molecular graphs of
different conformers of OHBA during the conversion of
E—K in the excited states are shown in Fig. 3. The
corresponding figures for SA and MS are shown in the
supplement section (Figs. 2S and 3S, respectively). The
four bond types which will be analyzed in this study
correspond to the O14-H15, O12-H15, C11-O12 and C4-
014 bonds with the associated BCPs; BCPA, BCPB, BCPC
and BCPD respectively, shown in Scheme 1. Also shown in
Fig. 3a-f are the RCP-BCP as the thick gray lines. All of the
QTAIM properties were calculated using AIMQB program
within the AIMStudio suite [64], using the Proaim basin
integration method.

In Figs. 4 and 5 as well as in 4S-58S, the E, TS and K
label the reaction pathway coordinates. The ellipticities of
the two OH bonds, namely O14-H15 and O12—H15, in-
volved with the proton transfer and the two C-O bonds,
012-C11 and O14-C4, that attach to either end of the O-H
pair, are plotted for each step of the proton transfer reaction
pathway, see Fig. 4. Plots for the variation of the ellipticity
(¢) and the ratio |A;|/A3, the covalent character H(r},) and the
metallicity &(1,) of the O14 -H15, O12—H15, 014-C4 and
012-C11 BCPs along the reaction pathways are presented in
Figs. 4, 4S, 5S and 5, respectively. The values of these
quantities do not vary significantly for any of the other
bonding interactions along the reaction pathways and so
were not included.

RCP-BCP paths and bond ellipticities during ESIPT

We follow the ESIPT process by examination of the chang-
ing atomic boundaries visible as the RCP-BCP paths, see
Fig. 3. It can be seen that the H15 nuclei initially forms a
hydrogen bond with the O12 nuclei and a covalent sigma
bond with the O14 nuclei. As the H15 nuclei moves, the
O12—H15 hydrogen bond shortens and the O14-H15 sigma
bond lengthens until both are approximately the same length
and then finally the H15 nuclei forms a hydrogen bond with
the O14 nuclei and a sigma covalent bond with the O12
nuclei. The shape of the RCP-BCP paths vary during the
process; those associated with the hydrogen bonds are linear
the RCP-BCP lines associated with the sigma bonds are
curved, with the direction of curvature toward the hydrogen
bond. It is not clear why this should be the case and, to the
authors’ best knowledge, this phenomenon has not been
investigated previously. In the mid-way along the reaction
path, the two O-H BCPs possess very similar properties and
the RCP-BCP lines are both curved to the same degree as
can be seen in Fig. 3c. The RCP-BCP figures of the SA and
MS molecules are available in the supplementary material;
see Figs. 2S and 3S respectively. During passage of the H15
nuclei between the O12 and O14 nuclei, both the bond
ellipticities and chemical character vary greatly as we will
now describe. First we examine the effect on the ellipticity
(¢), from Eq. 2, that excitation has on the proton transfer in
the OHBA molecule.

The ellipticity ¢ of the O-H BCPs participating in the
proton transfer reaction of OHBA in the excited state; O12-
H15 and O14-H15 BCPs are both significantly lower than
their corresponding ground state counterparts, see Fig. 4a.
This is also true for the ellipticity (¢) values of the OC
BCPS, O12-C11 and O14-C4, see Fig. 4b. The lower ellip-
ticities in the excited state compared to the ground state for
the OHBA molecule indicate that the bonding is less
strained in the excited state, i.e., during the proton transfer
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. .
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Fig. 3 The molecular graphs from QTAIM calculation of OHBA in
the excited state referred to in the text are shown in sub-figures (a), (b),
), (g), (i) and (k), the entire sequence (a)-(k) including the remaining
subfigures (c¢)-(e) and (h) are given in the supplementary material,
Fig. 3S. The numbering scheme that we are using is shown in sub-
figure (a). The unmarked green and red spheres (in the electronic

process. This reduction in bond ellipticity shows that the
excitation of the OHBA molecule has then eased the pas-
sage of the proton along the reaction pathway in accordance
with the experimental results and also ab-initio calculation
discussed before. In addition, the reduction of the values of
the ellipticities shows a change in bonding character from pi
to sigma bond, values of the ellipticity of approximately 0.1
or greater indicating pi bonding character [32].

Next, we compare the effect of substituting either -OH or
-OCHj; groups corresponding to SA and MS molecules
respectively, on the bond ellipticities €. For both the SA
and MS, the O12-C11 BCP usually has significantly higher
values of ¢ than the O14-C4 BCPs; where the ¢ values of the
later closely follow the O14-C4 BCPs of the excited state of
OHBA, see Fig. 4b, this is not the case for the O12-C11
BCP of the excited OHBA. From this observation, it can be
said that the substitution of either -OH or -OCHj; in SA and
MS respectively, affects the ellipticity of C11-O12 BCPs
significantly compared with that of the C11-O12 BCPs in
the OHBA molecule in the excited state. A possible reason,
that in the excited state the ellipticity ¢ values of the C4-O14
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version) correspond to the BCPs and RCPs respectively, where the
BCPs are located on the bond paths. The BCPs are labeled BCPA,
BCPB, BCPC and BCPD corresponding to the O14-H15, O12-H15,
012-C11 and O14-C4BCPs, respectively. The thick gray lines indicate
the positions of the RCP-BCP lines for the complete molecular graph

BCPs of both SA and MS closely follow those of the
corresponding value of OHBA, is that the substituent site
is too far away to render any significant effect on the
QTAIM properties at the site of the C4-O14 BCPs. A further
point to note is that, for the excited state of the OHBA
molecule the variation of & with reaction pathway coordi-
nate of the O14-C4 BCPs resembles a sine function; which
is not the case for the ground state. A possible explanation is
that the proton is coupling to the electronic charge density
[65] with a higher level of responsiveness, corresponding to
the smoother sinusoidal like variation of the ellipticity ¢ with
reaction coordinate; the consequence is that ESIPT occurs
more readily in the excited state of the OHBA molecule
than in the other bonding environments, either the ground
state of the OHBA molecule or even the excited SA and
MS molecules. For an example of the proton coupling
with the electronic charge density we compare the actual
direction motion of the H15 nuclei moving from reaction
coordinate ‘1’ shown in Figs. 3b with the motion pre-
dicted by the e, eigenvector of the O14-H15 and O12—
H15 BCPs of the structure with reaction pathway coordinate
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Fig. 4 The variation of ellipticity ¢ with reaction pathway coordinate
of different O-H and C-O bonds in the ground and excited sates
(mentioned as GS and ES, respectively). See Fig. 1 for atom
numbering

‘1’. The actual direction of motion of the H15 nuclei moving
between reaction coordinates ‘1’ and ‘2’ is calculated to be
[0.274, 0.961, 0.000], using the Cartesian axis specified in
Fig. 3b. This can be compared to the e, eigenvectors [0.526,
0.850, 0.000] and [0.899, 0.439, 0.000] of the O14-H15 and
0O12—H15 BCPs determined from the structure with reaction
pathway coordinate of ‘1°. Further, we see that the H15 nuclei
will move inward in the plane of the molecule under a perturb-
ing force in a direction specified by the directions of the e,
eigenvectors of the stress tensor o(r,). This finding is consis-
tent with the ab-initio calculation results described in the
previous sections.

The changing nature of the bonding during ESIPT: covalent
and metallic character

From the expression to determine whether a BCP is shared
shell or closed shell; |A;|/A3;>1 and we see how this ratio
changes for the O-H BCPs and C-O BCPs in Figs. 4S(a) and
4S(b) respectively, for the systems studied here. It can be
seen that all the C-O BCPs have closed shell character in
contrast to the O-H BCPs. The transition between OH sigma

bond and hydrogen bond behavior occurs where the value of
the ratio |A|/A; falls below 1. Referring back to the RCP-
BCP paths in Fig. 3 for the OHBA molecule, this transition
occurs when the H15 nuclei resides mid-way between the
012 and O14 nuclei at reaction coordinate ‘6°, see Fig. 5d.
At this cross over point, the values of |A|/A; are equal for
the O12-H15 and O14-H15 BCPs and the RCP-BCP paths
and molecular graph are rather symmetrical with respect to
the H15 nuclei and the O12 and O14 nuclei.

In the SA and MS molecules, this cross-over point occurs
at reaction pathway coordinates at the TS, the RCP-BCP
paths and molecular graphs are again symmetrical with
respect to the H15 nuclei and the O12 and O14 nuclei. From
this, we see that there is a complete change in the chemical
character of the O12-H15 and O14-H15 hydrogen bonds in
the vicinity of the TS.

It can be seen for each point on the reaction pathway of
the OHBA molecule in the ground and excited states that
there is a cross-over in the covalent character H(r,), given
by Eq. 4, between the BCPs of the two OH bonds involved
in the proton transfer pathway; O12-H15 and O14-H15, see
Fig. 5S(a). This is also true for the O-H BCP pairs in the SA
and MS molecules. The exchange of covalent character
between the two O-H bonds participating in the proton
transfer reaction is clearly evident, where the O14-H15
sigma bond becomes a hydrogen bond at the end of the
reaction pathway, represented by the reaction pathway coor-
dinates increasing from E — K and conversely, O12-H15, a
hydrogen bond transforms into a sigma bond as the proton
moves between O12 and O14. Coupling between adjacent
OH sigma bonds and O—H hydrogen bonds has been
observed before by one of us [38].

There is a very close correspondence between the values
of H(r) for the equivalent OH bonds in the SA and MS
molecules showing that changing the substituent from -OH
to -OCHj; has little effect on the H(r,) values of the OH
bonding. The H(r}) values of the O12—H15 BCP of OHBA
in the excited state closely follow the variation in the
corresponding ground state parameter until the reaction
pathway coordinate ‘6’. Beyond this point, the values of H
(rp) of the O12—H15 BCPs for the ground and excited
states diverge. Then the excited state values of H(r,) of
the O12—H15 BCPs of OHBA switch to following the
values of H(r,) for the O12—H15 BCPs of SA and MS.
This process also occurs for the value of H(ry) for the
OHBA molecule in the excited state O14-H15 BCP, al-

though there is less similarity with the ground state values
of H(ry) in this case. This tighter coupling of the OHBA in
the excited state values of H(ry) with those in the SA and
MS appears to happen also for the O14-C4 BCPs, shown in
Fig. 5S(b), although to a relatively weaker extent. Strong
coupling of the values of H(r},) for the O14-C4 BCPs in the
ground as well as in the excited states of OHBA molecule
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Fig. 5 The variation of metallicity &(r,) with reaction pathway coordinate of different O-H and C-O bonds in the ground and excited sates

(mentioned as GS and ES, respectively). See Fig. 1 for atom numbering

are present and persist for most of the reaction pathway. The
tighter correspondence in the excited state values of H(ry)
with the O14-C4 BCPs compared with those of the O12-
C11 BCPs in the SA and MS may again be due to some kind
of coupling effects of O12-C11 BCPs being hindered by the
proximity of the substituent group. There is again an exchange
of the values of H(ry) for the pairs of OC BCPs in each
molecule but further along the reaction pathway than is the
case for the OH BCPs, i.e., the values of H(ry) for the O12-
Cl11 and O14-C4 BCPs in both the SA and MS molecules
cross-over at reaction coordinate at just over ‘6’ as compared
with over “7° and just under ‘6’ for the OC for the ground state
and excited states of the OHBA molecule respectively. This
shows that for the values of H(r,) in the O12-C11 and O14-C4
BCPs differences in the ground state and excited states for the
OHBA molecule are larger than for the OH BCPs.

Finally, we will compare the metallicity &(r), from Eq. 5,
of the four BCPs that are mostly involved with the proton
transfer reaction, i.e., the BCPs of the O12-H15, O14-H15,
C11-012 and C4-O14 bonds of OHBA in the ground and
excited states before comparing the effect of changing the
substituent group in the cases of SA and MS.

@ Springer

The proton H15 in the OHBA molecule in the ground
state and excited state moves between O12 and O14, it
initially forms a sigma bond with O14 then moves toward
012 to form a sigma bond with O12 and a hydrogen bond
with O14, this much is already ascertainable without using
QTAIM. However, with QTAIM, we see that the as the
proton moves from the reaction pathway coordinate ‘2’
between O12 and O14, the hydrogen bonding becomes
increasingly metallic in character. The O12-H15 and O14-
H15 BCPs for the OHBA molecule in the ground state are
determined to have maximally metallic hydrogen bonds at
reaction pathway coordinates of ‘4’ and ‘8’, respectively.
There is a metallic to non-metallic transition for the O12-
H15 to O14-H15 BCPs, both the ground and excited states
of the OHBA molecule, between reaction pathway coordi-
nates of ‘4 ’and the TS, see Fig. 5. On the other hand, non-
metallic to metallic effect occurs for the formation of the
O14-H15 bond at a reaction pathway coordinate of ‘8’ for
the ground state and ‘7’ for the excited state. While com-
paring the ground and excited states of OHBA, it is seen that
the ESIPT reaction is non-symmetrical with respect to the
maximum metallicity (r,) of the hydrogen bonds O12-H15
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and O14-H15 BCPs. There is a large negative spike at a
value of —3000 at a reaction pathway coordinate of "2' for the
012-C11 BCP for OHBA molecule in the excited state, this
is due to an extremely low value of the Laplacian.

Examination of the metallicity &(r,) for O12-H15 and
O14-H15 BCPs for the SA and MS molecules shows the
proton transfer reaction to be more symmetrical in these
cases as compared with OHBA, see Fig. 5a, b. The MS
molecule possessing the most symmetrical proton transfer
reaction with respect to the metallicity of O12--HI15 and
O14---H15 bond BCPs, although the metallic behaviors of
both the OH and CO BCPs of the SA and MS molecules are
still distinguishable. From this symmetry, we can see that
the TS for the OH bonds both in the SA and MS molecules
is preceded by a large spike in the metallicity &(ry,) of O12-
HI15 then immediately followed by a negative value of the
metallicity &(r,) before the cross-over with the metallicity
&(1p) values of O14-H15 BCPat the TS.

For the C11-O12 and O14-C4 BCPs of the OHBA mol-
ecule, the metallic behavior of the ground state contrasts
strongly with the excited state as can be seen from Fig. 5c, d
respectively, where both the C11-O12 and O14-C4 BCPs in
the excited state display very large peaks in the metallicity
compared with the corresponding values of &(r,) for the
BCPs in the ground state. In fact, the O14-C4 BCPs of the
OHBA molecule in the ground state possess no metallicity.
In the O12-C11 BCPs in both the SA and MS molecules
where, in each case, the BCP possess no metallicity, see
Fig. 5c. For the SA and MS molecules there are peaks in the
values of the &(rp) of the O14-C4 BCPs and O14-H15 BCPs
and that both occur at the reaction pathway coordinate of
“7’, see Fig. 5b, d respectively. An explanation of this could
be that the O14-C4 and O14-H15 bonds are coupling since
they are adjacent to one another.

Conclusions

The ESIPT process in OHBA and its derivatives, MS and
SA, was investigated completely based on the analysis of
the structural parameters, rate constant, energies, dipole
moments of different structures along the reaction path.
The stability reversal of the phototautomers in the excited
state suggested that these molecules had large possibility to
undergo ESIPT, which was further demonstrated by a low
energy barrier during the process. ESIPT rate calculation
using simple transition state theory can qualitatively predict
the trend in different systems; however, consideration of
over-barrier process seems indispensable to match the cal-
culated values with experimental measurements, particularly
for highly asymmetric system like OHBA. We have also
used QTAIM in this first exploration of excited state proton
transfer phenomena and find that QTAIM is able to provide

new insights into the changes in bonding character during the
process of ESIPT. This is possible as we are able to quantify
the changes in the bond stability, covalent and metallic char-
acter of the bonding on a bond-by-bond basis throughout the
ESIPT path. QTAIM seems to be able predict the onset of the
TS by the occurrence of a drastic change in the QTAIM
parameters like metallicity &(r,) and ellipticity ¢ and abrupt
changes in the bonding character [A;|/A;. The process of exci-
tation of the OHBA molecule induces metallic character in the
014-C4 BCP relative to the ground state and increases the
metallicity in the O12-C11 BCP by an order of magnitude. In
addition, excitation of the OHBA molecule reduces the bond
ellipticities in the OH and OC BCPs, thus providing evidence
of facilitating the motion of the H15 nuclei. In addition, we can
predict the direction that the H15 atom will move by compar-
ison of the actual direction that the H15 atom moved with the
O14-H15 and O12-H15 BCP e, eigenvectors of the stress
tensor and suggests that this could be a useful area of further
investigation. The use of the QTAIM parameters for ESIPT in
these systems raises some interesting questions like why the
012-C11 BCPs possess a higher degree of metallicity than the
0O12-H15 or O14-H15 BCPs in these molecules. Another
question is why the substitution by -OH and -OCH3, in SA
and MS respectively, does remove the metallic character of
the adjacent O12-C11 BCPs. Further work on similar sys-
tems both in the ground and excited states that contain an
intra-molecular hydrogen bond but do not undergo ESIPT,
e.g, 1-hydroxy fluorenone (HOF) may help with understanding
such issues.
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