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CrossMark

XPERIMENTALLY reported photophysics of 7-mercapto-4-methyl coumarin compounds

in methanol (thiol (C-SH) and thione (C=S)) disclose that these materials are weak or non-
fluorescent. When the thiol is methylated, the C-S(CH,) material shows strong fluorescence. This
work focuses on applying two computational strategies based on DFT and its time-dependent
extension TD-DFT to validate the experimental findings. On-the-fly single reference TDDFT
computational is first applied, which identified in a simple way that the S /S intersection is
the main radiationless channel leading to fluorescence quenching in mercapto derivatives. A
second supporting method based on scanning along of C-S bond distance in the S, and S,
states is used. Both strategies came to similar conclusions. The applied approaches introduce
quantitative explanation of the mechanism of radiationless deactivation in mercapto coumarins
due to S /S conical intersection (CI) or due to small S /S  energy gap in case of thione tautomer,
which is the dominant (thermodynamically favorable) tautomer in the S, state. The results of
this insights may assist designing profitable new fluorescent or non-fluorescent materials by
changing specific functional group(s) in the molecule.
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Introduction

Due to its practical significance as well as
pivotal and diverse applications in many
fields of biological, medicinal and industrial
importance, several studies have been carried
out to investigate spectroscopic, electronic
structures,  solvatochromic  behaviour and
photophysical properties of coumarin derivatives
such as 7-hydroxy-4-methylcoumarin
(4-methylumbelliferone); [1-5] and some other
coumarins [6-9]. Recently, some mercapto
coumarins; namely 7-mercapto-4-methyl
coumarin compounds (thiol (C-SH) and thione
(C=S)) [10-12] with appealing photochemical and
photophysical properties have been studied.

Density functional theory (DFT) and its time-
dependent (TD) extension TD-DFT quantum
mechanical computations of vertical and
adiabatic excitations of neutral, deprotonated
and protonated forms of coumarins have been
reported in the gas and liquid phases [13-17].
Theoretical computational methods are powerful
tool for molecular design and can help explicit
identification of molecular characteristics and

reactivities as well as the spectroscopic features
in the ground and excited states of molecules
of potential applications and in validating
experimental results in a non-expensive way.

Recent published work reports on the
photophysical  properties of 7-mercapto-4-
methylcoumarin in protic and non-protic solvents
[10]. In spite of their potential applications as
optical whitening agents, only few publications
reported the fluorescent 7-mercaptocoumarin
derivatives [11, 12]. Interestingly, 7-hydroxy-4-
methyl-coumarin and its tautomers show strong
fluorescence, while the replacement of the
hydroxyl group by a thiol in case of molecule
(1), makes C-SH poorly fluorescent. This is due
to its thione-like C=S tautomeric form (2). It
is also reported that the alkylation of the thiol
group (3) appears to retrieve the fluorescence
properties of the coumarin moiety [10]. The
origin and character of the lowest singlet states are
qualitatively discussed before [10], specifically
proposing, in a hypothetical way that the thione-
like C=S resonance form (2) plays a key role in
excited state deactivation in C-SH (1).
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In view of the paucity of information related
to mercapto coumarins, the main goal of this work
is to check, in a non-expensive approach, whether
on-the-fly TDDFT dynamics of the mercapto
coumarin molecules could validate radiationless
deactivation of the S state through conical
intersections (CI) among the potential energy
surfaces (PES) of the singlet states (S,/S, CI)
leading to the observed weak fluorescence due
to the thione dominant tautomer (2). However,
the advantages and drawback features of single
reference TD-DFT methods were discussed
before [18-23]. Thus, it will be interesting to
check the theoretical insights for mercapto-
coumarins by using single-reference TD-DFT
simulations. In particular, relaxed scans will be
performed along normal modes as well as along
constrained C-S bond distance. In case that the
proposed S /S, CI or S /S energy gap value is
rightly responsible for weak or non-fluorescent
molecules via radiationless deactivation, almost
similar PESs obtained by the two approaches
should be expected.

Additionally, computed thermodynamic
stability parameters such as enthalpy (Hand Gibbs
free energy (Gof the studied molecules in their S|
and S, states will be investigated to verify the
stabilities of the tautomers (1) and (2).

Methods

The calculations considered the molecules

shown in Fig. 1. Ground-state (S,) geometries
were optimized using the DFT method with the
range-separated hybrid functional ®B97X-D that
includes empirical corrections for long range
non-bonded dispersive interactions and basis set
6-311G (d,p), which is a recommended method
for geometries including molecules incorporating
transition metals. CIS/6-31G(d) method was used
for computing thermodynamics data in the Sl
state. Single point calculations were performed
with the same method to compute thermodynamic
parameters. Spartan’18 parallel software with
its user-friendly built-in GUI was used [24]. It
generates a list of tautomers in an easy way.

ORCA (parallel) package 4.0.1 [25-27] was
used for computing vertical electronic transitions
from S, equilibrium geometry to S, state
(absorption transition) and from S equilibrium
geometry to the ground state (fluorescence).
Geometry optimization of molecules studied in
their S state at ®B97X-D/6-311G(d,p) [28] and
S, state at TD-DFT employing CAM-B3LYP/6-
311G(d,p) levels of the theory [29] are computed.
CAM-B3LYP/6-311G(d,p) results are in good
agreement with the experimental results available
in the literature [10]. Long-range corrected hybrid
density functional includes empirical damped
atom-atom dispersion corrections ®B97X-D and
the hybrid exchange—correlation functional using
Coulomb-attenuating method CAM-B3LYP are
of significant accuracy.

g
o

Fig. 1. The schematic structure (Optimized) of molecules under investigation (1-3) [atom colour: C, H, O, and S are

dark grey, white, red and yellow, respectively].
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ORCA outputs are visualized by using
ChemCraft GUI (ChemCraft.com). No imaginary
frequencies were obtained by carrying out
frequency calculations in the ground and the
excited states in the gas phase as well as in
methanol indicating that the molecules are
at minima. ORCA enabled us to carry out
potential energy surface (PES) scans along
normal coordinates of IR modes. The output of
the “trajectory” run automatically contains the
excited state energies in addition to the ground
state energy. The output file from this job contains
the total energies (i.e. the ground state energy plus
the excitation energy) for each excited state as a
function of displacement of the chosen normal
mode.

First, we ran an optimization-frequency job
using ®B97X-D/def2-SV(P) and auxiliary basis
def2/J to accelerate generation of the nuclear
Hessian matrix. The Hessian matrix was used
to construct normal mode trajectories. This is
followed by using single reference TD-DFT
scan calculations for a range of the displaced
geometries (q). Furthermore, scanning along
C-S bond distance was performed using
Spartan’18 parallel suite with its built-in
user-friendly GUI. In steps scans of C-S bond
distance (constrained distance) using ®B97X-
D/631-G(d) and CIS/631-G(d) give potential
energy surfaces (PESs) of the molecules in S|
and S, states, respectively.

A Broadberry workstation (40 cores) (UK)
and a Mac Pro (12 core) workstation were used.

Results and Discussion

Absorption and fluorescence properties

Table 1 contains experimental and theoretical
absorption and  fluorescence  parameters.
Experimental parameters are reported in the
literature [10]. The spectroscopic parameters are
computed using TDDFT/CAM-B3LYP/311G(d,p)
model as implemented in ORCA package.
Generally, inspection of Table 1 reveals the good
agreement between our computed data with the
available experimental results collected from
the literature. Accurate quantum mechanical
calculations point to the CT nature of the electronic
transitions. Molecular orbitals mainly involved in
the electronic transitions are represented in Fig.
2. Closer look reveals the charge transfer nature
of the electronic transitions (mainly from the
HOMO-1 and/or HOMO to LUMO transition).
Interestingly, HOMO-1 - LUMO CT transition

occurs in (1) and (3). In (2) HOMO > LUMO
transitions are of nature, while HOMO-1 >
LUMO in (2) is a forbidden transition because
HOMO-1 orbitals are of nature and perpendicular
to LUMO () positioned on the plane of the planar
molecules.

Interestingly, it has been reported that thiol
(1) is weakly or non-fluorescent in methanol or
water, respectively. However, the alkylation of the
thiol group (3) seems to recover the fluorescence
properties of the coumarin [10] as shown in Table
1 where the experimental fluorescence quantum
yield of (3) , is about 53 times higher than that of
(1). Very high non-radiative rate constant (k(non-
rad)/ns™') was determined experimentally in case
of (1) [10] and given in Table 1. It decreased
substantially in case of (3). The origin and
character of the lowest singlet states are discussed
before [10], specifically proposing in a descriptive
way that the thione-like C=S resonance form
plays a key role in excited state deactivation in
C-SH. Our theoretical results (Table 1.) confirm
the reported result of the fluorescence of (1) at pH
2.0 [10], which is likely originated from tautomer

(2) [10].

Molecular thermodynamics

Thermodynamic parameters are summarized
in Table 2. The results listed in Table 2 reveal the
following thermodynamic trends:

i) Relative total energy in the S state, relative
H° and G°values decrease in the order (1) >
(2). Relative to the thiol (1), the thione form
(2) is destabilized (positive relative energy
value as well as positive other thermodynamic
parameters) reflecting its enhanced electronic
sensitivity to the medium. In the S, state, (2)
is more favorable than (1).

i) AG , = (G° - G°) = -83 kJ/mol. The
results provide further support favoring
thione stability over the corresponding
thiol tautomer. It means that in the S, state
tautomerization of thiol (1) to thione (2) is a
spontaneous process.

Interestingly, excited state proton transfer
(ESPT) should be facilitated because thione is
energetically more stable than its thiol tautomer
in S, state. This is in agreement with similar
results reported before for keto-enol in 4-methyl-
7-hydroxy coumarin [17]. Thus, thione tautomer
is the one from which the relaxation of S, to the
ground state predominantly happens.
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TABLE 1. Computed spectroscopic parameters” of the studied molecules (available experimental values in

methanol? are given between parentheses?). Orca codes were used.

Molecule uv/nm f(abs) flu/nm of k(non-rad)/ns!
(1 318.4 (326) 0.440 338.8 (340) 0.01 >9.9

2) 387.8 0.014 400.3(~ 400)*

3) 332.0 (333) 0.439 350.0 (411) 0.53 0.25

YMajor contributions (95.5%) are from HOMO—->LUMO
(See Figure 2. for some important M.O. surfaces (of 0.002 isovalue) of different molecules studied).

2Experimental values between parentheses and , k(non-rad) are from [10]
YFluorescence spectrum of (2) at pH 2.0 (aqueous solution) from [10]

LUMO

HOMO

HOMO-

4
0
L

o
.

{2)

(3)

Fig. 2. MO’s of molecules (1)-(3) included mainly in the electronic transitions (their energies in eV are given in
Table 2). See text. The nature of the electronic transition of all molecules is * transition. HOMO-1 to LUMO
transition in (2) is forbidden (orthogonal orbitals).

TABLE 2. Relative energies and molecular thermodynamic parameters in the S, and S, of molecules studied
using (0B97X-D /6-31G(d) and (CIS/6-31G(d))methods, respectively, CPCM:Methanol model using
Spartan’18 Parallel package).

Molecule Rel. E (kJ/mol) Rel. H (kJ/mol)  Rel. G° (kJ/mol) E 1ovo E Luvo
s, InS, (eV) (eV)
() 0.0 0.0 -7.99 0.06
Q) 130.44 99.8 7.13 -0.84
3) - -7.79 0.10
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Potential energy surface (PES) scans along
normal coordinates

The adiabatic potential energy surfaces scan
as a function of normal coordinate displacement
are obtained from on-the-fly high-level TDDFT
calculations to examine the S /S intersection
on the PESs of thione tautomer (2) in methanol
using ORCA package. These calculations are
nevertheless very helpful in obtaining at least a
rough idea about excited state energy surfaces.

PES of different ground and excited states
were obtained by scanning along normal
coordinates of the chosen IR mode. The results
of PES obtained for thiol (1), thione (2) tautomers
and -S(CH,) derivative (3) are depicted in Fig. 3.
We selected the IR mode that involves almost all
atoms in the molecules with largest contribution
from the C-S bond bonding vibration. Figure 3
reveals apparent S,/S intersection in case of the
weakly-fluorescent thione tautomer (2) at q=3.2.
Passage through this apparent intersection on the
PES computed in methanol leads to nonradiative
energy dissipation due to molecular dynamics.
However, this explains the non-fluorescence of
thione tautomer.

It is obvious that tautomerization of the
C-SH (1) to thione (2) results in radiationless
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deactivation of its S, state due to crossing the
point of intersection with the PES of S . The
fluorescence is restored by replacement of C-SH
(1) by C-S(CH,) in molecule (3) because the PESs
position further apart from each other relative to
PESs of (3), and thus reduces the probability of
radiationless energy dissipation in (3). Our results
quantitatively explain the experimental findings
reported in [10]. It is worth to mention that S /
S, intersection does not exist in PESs computed
in gas phase where the S, PES places normally
higher than that of S. This is in consistence with
the experimentally noticed fluorescence-induced
changes in different solvents [10].

An alternative way to construct PESs in S|
and S, is to perform relaxed scan along C-S bond
distance constrain. Figure 4 shows the results for
the molecules (2) and (3). Very good agreement
between the results obtained by the two different
approaches is observed (compare Fig. 3 and
Fig. 4). Both approaches support each other and
leading to the same conclusion that non-radiative
pathway is achieved either via S /S  CI (obtained
by scanning along vibrational modes mostly
include C-S bond displacement) or the noticed
smaller S /S energy gap (Fig. 4) in case of (2),
which renders it non-fluorescent material.

Fig. 3. (Left side) PES along the displacement coordinate (q) of the thiol tautomer (1), its thione (2) tautomer and
C-S(CH,) derivative (3) (in methanol) of the chosen IR mode in em™ that takes place at 1137.6 (1), 1146.5
(2) and 1008.3 (3) [displacement vectors are visualized at right-side). The IR mode at 1146.5 cm™, in the
ground state computed IR spectrum, involves almost all atoms and bonds in the molecules, particularly the
C=S thione tautomer (2).
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Fig. 4. Relaxed scan along C-S constrained bond distance. Smaller S /S, gap in thione renders it non-fluorescent due
to extensive non-radiative deactivation of S, state. Same results have been obtained using ORCA package.

It is well understood that the used on-the-
fly single reference TD-DFT computational
methodology cannot describe the CI topology
(the slopes of the intersecting cones around the
degenerate structures). The advantages and
drawback features were discussed before [18-24].
However, using such a single-reference method,
which is inexpensive computational methodology,
could be considered as a simplified approach
to locate conical intersections, at least in an
approximate way, and explains the experimental
findings. Obviously, exact location of CI would
require a multireference CASSCF computations
[30-32] with large active spaces. This requisite
can be a significant hindrance when executing
excited state dynamics, since application of
multireference methods can have prohibitively
high computational cost. Moreover, there is

Egypt. J. Chem. 63, No. 3 (2020)

possibility that the most appropriate active space
may change along a PES.

Conclusion

This paper focused on simulating electronic,
optical, and thermodynamic properties of 7
-mercapto - 4 - methyl -coumarin using DFT and
TD -DFT. Thermodynamic parameters have been
computed and reveal the greater stability of the
thione forminthe S, state. The calculations verified
the experimentally available spectroscopic data.

Similar PESs are obtained by two
computational approaches: 1- relaxed scan along
normal vibrational mode that mainly relevant
to C-S bond and 2- relaxed scan along C-S
constrained bond distance. On the basis of a simply
computed on-the-fly adiabatic PES of different
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singlet states, we have identified crossing point
between S and S states, in case of thione, which
realizes non-radiative relaxation, in agreement
with the lack of its fluorescence reported before
[10]. Relaxed scan along C-S bond distance leads
to similar supportive conclusion.

The results of this theoretical study may
assist designing profitable new fluorescent or
non-fluorescent materials by changing specific
functional group(s) in the molecule.
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