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INTRODUCTION

The quantum theory of atom in molecules (QTAIM) has
been useful to characterize both the intramolecular and inter-
molecular interaction in hydrogen bonding complexes at the
ground and excited states [1,2]. The intermolecular hydrogen
bonding is a site specific solute-solvent interaction which plays
an immensely important role on the spectra of biologically active
molecules. Theoretical study of the hydrogen bonds is much
necessary for understanding the photo-physical properties of
some electron donor and acceptor natured organic molecules
at both ground and excited states [3-8]. Effective fragment
potential (EFP) method is computationally inexpensive way
of modeling intermolecular interactions in non-covalently
bonded systems. The DFT based EFP (EFP1/DFT) method was
used in the study of microsolvation effects of organic and
biological molecules. Effective fragment potential (EFP1) was
established explicitly for solvation with several numbers of water
molecules and is interfaced with the polarizable continuum
model (PCM) [9-11]. Time dependent density functional theory
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(TDDFT) computations have been used in understanding the
structural, molecular, electronic and photo-physical properties
of many molecules in the ground and excited states [12-14]. In
most of the organic and biological molecules, there will be an
intramolecular hydrogen atom transfer/proton transfer (ESIHT/
ESIPT) [15-18] at the excited state due to photo-induction. At
the excited state, reshuffling of atoms takes place within the
molecule along with hydrogen transfer, which has been exten-
sively examined in the photo-induced reactions. The alteration
of hydrogen bond morphology due to microsolvation causes to
inspire ESIPT/ESIHT process in some organic and biological
molecules [19-23].

Hydroxycoumarins belong to the electron donor-acceptor
aromatic compounds as they contain a donor hydroxyl group
and an acceptor carbonyl group attached to a different aromatic
ring finding applications in various fields [24]. 7-Hydroxy-
coumarins and their derivatives were widely explored for their
biological activities such as antimutagenic [25], fluorigenic
enzyme substrates [26] and antifungals [27]. These compounds
can also be used as colourants, laser dyes and fluorophores/
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chromophores [28,29]. The charge transfer character asso-
ciated with ESIPT/ESIHT is correlated to the photophysical
features of these molecules [20,21,30]. 8-Formyl-7-hydroxy-
4-methyl coumarin (FC) molecule is one of the interesting
derivatives of 7-hydroxycoumarin mainly used in the synthesis
of Schiff  bases and scaffolds [31,32]. It can form an intramole-
cular hydrogen bonding between hydroxyl group and formyl
group and can also form four intermolecular hydrogen bonds
with solvent molecules by carbonyl and hydroxyl groups. In
the present study, the electronic structure and intramolecular
charge transfer (ICT) states of 8-formyl-7-hydroxy-4-methyl
coumarin (FC) and FC-(H2O)4 (FCH) molecules along with
the excited state intramolecular hydrogen transfer (ESIHT)
process have been investigated.

COMPUTATIONAL METHODS

Natural bond orbital (NBO) [33] integrated GAMESS
[34,35] software suite is implemented to explore the electronic
structure of the 8-formyl-7-hydroxy-4-methyl coumarin (FC)
and FC-(H2O)4 (FCH) molecules at ground (S0), first excited
(S1) and third excited (S3) states at the level of DFT [36-40]
and state specific time dependent density functional theory
(SS-TDDFT) [41,42] with B3LYP [43,44] functional and cc-
pVDZ basis set [45]. FCH complex is composed by adding
explicit water molecules to FC using EFP1 method. UV-Vis

absorption spectra of FC and FCH have been simulated by
applying SS-TDDFT/cc-pVDZ/B3LYP/PCM/EFP1 [46-48].
The ICT states of both molecules were carried out by comp-
uting molecular orbital’s, difference density map, electrostatic
potential and natural charges on various atoms and groups at
S0, S1 and S3 states. In both FC and FCH molecules, an intra-
molecular hydrogen atom transfer can be observed with the
transfer of the hydroxyl hydrogen to formyl oxygen at S1 state
and the back transfer is observed at S3 state. In order to confirm
the ESIHT process potential energy scan along the hydrogen
bondings O14-H18···O15=C11/C3=O14 H18-O15 has been
performed at the level of DFT/cc-pVDZ/B3LYP/SS-TDDFT
in S0, S1 and S3 states.

RESULTS AND DISCUSSION

Structural properties at ground state: 8-Formyl-7-
hydroxy-4-methyl coumarin (FC) and FC-(H2O)4 (FCH) mole-
cules were optimized at the level DFT/B3LYP/cc-pVDZ along
with the computations of electrostatic potential, molecular
orbitals, difference electron density map and natural charges.
The respective ground state molecular structures and plots of
electrostatic potential and difference electron density map are
depicted in Fig. 1. The optimized parameters like bond lengths
and bond angles are given in Tables 1 and 2. In both mole-
cules, benzene and pyrone rings lie in a plane. Interestingly, it

FC FCH ∆ρ-FC

∆ρ-FCH  MEP-FC MEP-FCH

Fig. 1. Optimized molecular structures, difference electron density map and MEP along with natural charges on various groups and atoms of
FC and FCH molecules at S0 state
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TABLE-1 
SELECTED BOND LENGTHS r (Å) BETWEEN VARIOUS ATOMS 

OF  FC AND FCH MOLECULES AT S0, S1 AND S3 STATES 
OPTIMIZED BY cc-pVDZ/B3LYP METHOD 

FC FCH Bond 
lengths 

(Å) S0 S1 S3 S0 S1 S3 

R(1-2) 1.383 1.391 1.385 1.382 1.391 1.382 
R(1-6) 1.417 1.405 1.417 1.419 1.405 1.420 
R(1-16) 1.091 1.090 1.084 1.091 1.090 1.091 
R(2-3) 1.411 1.449 1.420 1.412 1.447 1.430 
R(2-17) 1.090 1.092 1.084 1.091 1.092 1.091 
R(3-4) 1.424 1.446 1.424 1.421 1.442 1.432 
R(3-14) 1.330 1.269 1.327 1.333 1.274 1.313 
R(4-5) 1.417 1.393 1.411 1.414 1.391 1.409 
R(4-11) 1.458 1.442 1.448 1.460 1.443 1.466 
R(5-6) 1.407 1.475 1.446 1.405 1.471 1.436 
R(5-13) 1.354 1.347 1.347 1.354 1.347 1.359 
R(6-7) 1.453 1.422 1.438 1.452 1.424 1.451 
R(7-8) 1.362 1.381 1.406 1.367 1.384 1.409 
R(7-10) 1.505 1.506 1.498 1.504 1.505 1.496 
R(8-9) 1.451 1.442 1.419 1.444 1.439 1.421 
R(8-20) 1.091 1.090 1.084 1.090 1.089 1.092 
R(9-12) 1.204 1.208 1.216 1.220 1.221 1.233 
R(9-13) 1.416 1.411 1.464 1.391 1.392 1.428 
R(10-21) 1.098 1.098 1.093 1.098 1.098 1.100 
R(10-22) 1.103 1.102 1.100 1.103 1.102 1.108 
R(10-23) 1.103 1.102 1.101 1.103 1.102 1.108 
R(11-15) 1.237 1.323 1.250 1.242 1.331 1.239 
R(11-19) 1.108 1.090 1.099 1.105 1.090 1.106 
R(14-18) 1.002 1.566 1.006 1.004 1.547 0.997 
R(15-18) 1.650 1.028 1.624 1.642 1.032 1.878 

 
is observed that an intramolecular hydrogen bonding exists
between hydroxyl hydrogen and formyl oxygen. The formation
of intramolecular hydrogen bonding, O14-H18···O15=C11
makes the hydroxyl and formyl groups also lie in the same
plane. The hydration to the FC molecule does not deviate the
structural parameters including the natural charges, except the
parameters associated with the hydroxyl, carbonyl and formyl
groups, which were altered slightly due to the formation of
intermolecular hydrogen bonds. In the difference charge
density graph, electron diminution fields (ρ+) were established
on C2, C3, C7, C8, O13 and O15 atoms, whereas the electron
accretion fields (ρ−) were localized on C1, C6, C11, C9, O12
and O14 atoms, respectively. The electrostatic potential map
along with the natural charges on various groups and atoms
signaling that the hydroxyl and carbonyl groups were more
reactive for electrophiles. The plot of molecular orbital’s and
difference electron density map indicate that the electronic
charge concentrated on the hydroxyl, carbonyl and formyl
oxygen and also on the central part of the two rings.

ICT states of the molecules: In order to identify the ICT
states of the molecules, UV-Vis absorption spectra of FC and
FCH molecules have been simulated in the gas phase, water
and chloroform solvents using SS-TDDFT/cc-pVDZ/B3LYP/
PCM/EFP1 method. The vertical absorption energies, oscillator
strengths and probable wave functions are presented in Table-3,
and the spectra are displayed in Fig. 2. On observing the corres-
ponding oscillator strengths, S1 and S3 states were found to be
more probable in gas and solvent phase to study ICT states of

TABLE-2 
SELECTED BOND ANGLES BETWEEN VARIOUS ATOMS  
OF  FC AND FCH MOLECULES AT S0, S1 AND S3 STATES 

OPTIMIZED BY cc-pVDZ/B3LYP METHOD 

FC FCH Bond  
angles (°) S0 S1 S3 S0 S1 S3 

A(2-1-6) 122.4 120.5 122.5 122.2 120.3 122.3 
A(2-1-16) 118.7 119.7 118.9 118.8 119.8 119.1 
A(1-2-3) 119.8 123.0 120.0 119.9 123.0 120.5 
A(1-2-17) 121.7 121.0 121.8 121.6 120.9 121.9 
A(6-1-16) 118.9 119.8 118.5 119.0 119.9 118.7 
A(1-6-5) 117.4 117.1 116.9 117.1 116.9 116.7 
A(1-6-7) 124.4 124.4 123.7 124.9 124.8 123.5 
A(3-2-17) 118.5 116.0 118.2 118.5 116.1 117.6 
A(2-3-4) 119.8 117.7 120.0 120.0 118.1 119.4 
A(2-3-14) 119.0 121.0 118.5 119.0 120.9 116.3 
A(4-3-14) 121.2 121.3 121.4 121.0 121.0 124.2 
A(3-4-5) 118.7 118.4 119.0 118.2 117.9 118.4 
A(3-4-11) 119.4 119.3 118.9 120.2 120.1 120.8 
A(3-14-18) 106.3 100.8 106.8 106.0 100.5 114.3 
A(5-4-11) 121.9 122.3 122.1 121.6 122.0 120.8 
A(4-5-6) 121.8 123.3 121.5 122.6 123.9 122.7 
A(4-5-13) 116.4 116.7 116.3 116.1 116.4 115.1 
A(4-11-15) 122.9 120.9 122.6 121.6 119.6 121.7 
A(4-11-19) 117.1 122.8 117.6 118.1 123.3 117.1 
A(6-5-13) 121.8 120.0 122.2 121.3 119.7 122.3 
A(5-6-7) 118.2 118.5 119.4 118.0 118.4 119.8 
A(5-13-9) 122.6 122.9 120.3 122.9 123.0 119.8 
A(6-7-8) 118.8 119.0 116.7 119.2 119.3 115.7 
A(6-7-10) 120.2 120.8 121.5 120.1 120.8 121.8 
A(8-7-10) 121.0 120.2 121.8 120.7 119.8 122.5 
A(7-8-9) 123.1 122.8 124.5 121.9 121.7 124.1 
A(8-9-12) 127.7 127.0 130.0 128.0 127.4 129.4 
A(8-9-13) 115.5 116.8 116.4 116.7 117.9 118.1 
A(12-9-13) 116.8 116.2 113.5 115.3 114.7 112.5 
A(15-11-19) 120.0 116.3 119.7 120.3 117.0 121.2 
A(11-15-18) 100.4 104.5 101.1 101.2 104.4 104.5 
A(14-18-15) 149.8 153.2 149.1 150.0 154.2 134.2 
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Fig. 2. Theoretical simulated absorption spectra of FC and FCH molecules
in gas phase, water and chloroform solvents
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both FC and FCH molecules. The computed absorption wave-
lengths in chloroform are in good agreement with the experi-
mental values [49]. The blue shifts of 1-3 nm in microsolvated
molecule indicate the strengthening of hydrogen bondings in
the excited states.

Using ground state coordinates, FC and FCH molecules
were optimized at S1 and S3 states and also using the S1 state
optimized coordinates both molecules were optimized at S3

state. In S1 and S3 states the geometrical parameters associated
with the pyrone ring, hydroxyl, carbonyl and formyl groups
were slightly altered. The intermolecular hydrogen bondings
slightly get disturbed in S3 state as compared to S1 state. In S1

state of both molecules the hydrogen atom H18 transferred
from the hydroxyl group to formyl group, whereas in S3 state
no transfer of hydrogen atom is observed. The optimization
of the S3 state of molecules using S1 state coordinates brings
back the hydrogen atom H18 from formyl group to hydroxyl
group. The excited state molecular diagrams along with the
molecular electrostatic potential maps are shown in Fig. 3 and
natural charges are listed in Table-4.

In S1 and S3 states, the positive charge on benzene and
pyrone rings increases in both FC and FCH molecules. In FC
molecule negative charge on hydroxyl oxygen O14 decreases
at S1 and S3 states, where as in FCH molecule charge on O14
at S1 state remains same as S0 state and decreases in S3 state.
In both FC and FCH molecules, the negative charge on formyl
oxygen O15 increases at S1 state and decreases at S3 state. On
observing overall change in the natural charges of the hydroxyl
(-O14H18) and formyl (-C11O15H19) groups of both FC and
FCH molecules, negative charge on the formyl group appreci-
ably increases only in the S1 state. So hydrogen transfer can
be observed only in the S1 state.

ESIHT process: In order to establish the intramolecular
hydrogen atom transfer from the hydroxyl group to formyl
group at S1 and S3 states, potential energy scan along the
hydrogen atom transferred paths O14-H18···O15=C11 and
C3=O14···H18-O15 have been performed at the level of DFT/
SS-TDDFT/cc-pVDZ/B3LYP/EFP1 for both FC and FCH mole-

TABLE-4 
NATURAL CHARGES ON VARIOUS ATOMS AND GROUPS  

OF FC AND FCH MOLECULES AT S0, S1 AND S3 STATES 

FC FCH 
Atom 

S0 S1 S3 S0 S1 S3 
C1 -0.154 -0.227 -0.206 -0.147 -0.221 -0.186 
C2 -0.291 -0.190 -0.242 -0.283 -0.176 -0.234 
C3 0.426 0.420 0.417 0.428 0.424 0.438 
C4 -0.286 -0.304 -0.284 -0.278 -0.297 -0.239 
C5 0.426 0.469 0.396 0.421 0.471 0.355 
C6 -0.175 -0.111 -0.057 -0.171 -0.106 -0.040 
C7 0.047 0.040 -0.047 0.058 0.047 -0.064 
C8 -0.350 -0.314 -0.362 -0.355 -0.314 -0.335 
C9 0.779 0.766 0.710 0.788 0.776 0.710 
C10 -0.667 -0.668 -0.709 -0.670 -0.670 -0.670 
C11 0.402 0.209 0.336 0.407 0.206 0.358 
O12 -0.545 -0.489 -0.524 -0.645 -0.581 -0.643 
O13 -0.532 -0.509 -0.520 -0.516 -0.499 -0.539 
O14 -0.664 -0.652 -0.636 -0.681 -0.681 -0.606 
O15 -0.581 -0.640 -0.548 -0.630 -0.682 -0.609 
H16 0.240 0.240 0.258 0.242 0.247 0.247 
H17 0.250 0.245 0.265 0.251 0.247 0.250 
H18 0.510 0.508 0.526 0.515 0.510 0.600 
H19 0.184 0.207 0.224 0.241 0.254 0.237 
H20 0.251 0.256 0.261 0.285 0.298 0.270 
H21 0.244 0.244 0.255 0.248 0.248 0.246 
H22 0.243 0.250 0.244 0.245 0.251 0.228 
H23 0.244 0.250 0.243 0.246 0.251 0.227 

O14 + H18 -0.154 -0.144 -0.110 -0.166 -0.171 -0.006 
C11 + O15 

+ H19 
0.005 -0.225 0.012 0.018 -0.223 -0.015 

 
cules. The plots are depicted in Figs. 4 and 5. On observation
of Fig. 4, it is noticed that FC and FCH molecules get excited
to unrelaxed S1

* state by absorbing the radiations of energy
3.55 eV and 3.60 eV, respectively, the OH bond gets elongated
to 1.72 Å and 1.76 Å. At this point, the hydrogen atom is
transferred from the hydroxyl group to formyl group and the
molecules get relaxed in the S1 state. On further excitation of
the molecules from S1 to S3

* state by irradiating the radiations
of energy 1.41 eV and 2.73 eV, the -OH bond of FC and FCH

TABLE-3 
ABSORPTION WAVELENGTH [λa (nm)] AND OSCILLATOR STRENGTH (f)  

OF FC AND FCH MOLECULES WITH PROBABLE TRANSITIONS 

TDDFT/B3LYP/cc-pVDZ 

Gas phase Water Chloroform Molecule State 

λa f λa f λa f 

Expt.  
[Ref. 49] 

349 0.067 350 0.095 350 0.106 350 
H→L (0.916) H→L (0.941) H→L (0.943)  S1 

H→L+1 (0.332) H→L+1 (0.268) H→L+1 (0.263)  
296 0.223 299 0.292 300 0.304 304 

H→L (0.335) H→L (0.275) H→L (0.270)  

FC 

S3 
H→L+1 (0.919) H→L+1 (-0.945) H→L+1 (0.948)  

344 0.072 348 0.094 347 0.106  
H→L (0.903) H→L (0.937) H→L (-0.937)  S1 

H→L+1 (0.360) H→L+1 (-0.279) H→L+1 (-0.280)  
297 0.228 297 0.282 299 0.292  

H→L (-0.372) H→L (-0.290) H→L (-0.291)  

FCH 

S3 
H→L+1 (0.900) H→L+1 (-0.936) H→L+1 (-0.938)  

 

[Ref. 49]
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get contracted to 1.44 Å and 1.24 Å, respectively and the
hydrogen atom get transferred back from formyl group to the
hydroxyl group. The downward transition from S1 to unrelaxed
ground state, S0

* also contracts the intramolecular hydrogen
bondings to 1.36 Å and 1.35 Å, respectively in FC and FCH
molecules and brings back the H18 atom from formyl to
hydroxyl group and the molecule exist in the S0 state. As shown
in Fig. 5, the direct excitation of the molecules from S0 to S3

state, the truancy of hydrogen atom transfer can be observed.

This confirms the state specific hydrogen atom transfer in FC
and FCH molecules.

Conclusion

Electronic structure properties of 8-formyl-7-hydroxy-4-
methyl coumarin (FC) manifest the existence of the intramole-
cular hydrogen bonding in its pure and hydrated states. The
hydration of the molecule using EFP1 method indicates the
possibility of four intermolecular hydrogen bonding sites. The

FC (S ) 1 FCH (S )1 FC (S )  3

FCH (S ) 3 MEP-FC (S ) 1 MEP-FCH (S )  1

MEP-FC (S )  3 MEP-FCH (S )3

Fig. 3. Optimized molecular structures and MEP along with natural charges on various groups and atoms of FC and FCH molecules at S1 and
S3 state
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Fig. 5. Potential energy plots of the molecules on direct excitation from S0
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electrostatic potential plot, natural charge analysis, difference
electron density map and UV-Vis spectra of both FC and FCH
molecules emphasize the study of ICT states of the molecules.
In addition to these, the potential energy surface scan estab-
lishes the intramolecular hydrogen atom transfer from the
hydroxyl group to formyl group on excitation of the molecules
from ground state to first excited state. On further excitation
from first to third excited state hydrogen gets transferred back
from formyl to the hydroxyl group. Also potential energy plots
confirmed the truancy of hydrogen atom transfer on direct
excitation from ground to third excited state. This state specific
ESIHT study contributes to the ongoing research on the biolo-
gical and chemical activity of the derivatives of coumarin
molecule.
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