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Abstract

Intermolecular hydrogen bonds, including their structure, energy in the ground state (Sy) and energy change upon electronic
first excitation state (S;) of 3- and 4-aminocoumarin molecules (nAC, n=3,4) in water are investigated theoretically using
density functional theory (DFT) and time dependent DFT (TDDFT) interfaced with the effective fragment potential (EFP)/
polarizable continuum model (PCM) method of salvation. The ground and excited state properties of nAC with five water
molecules (nAC-(H,0)s complex) have been carried out using TDDFT/B3LYP/EFP/PCM/6-31G(d,p) method. Upon
photoexcitation of 3AC-(H,0)s complex, A type (N--H-O) hydrogen bond (HB) is weakened, B and C type (C=0--H-O and
N-H--O) HBs are strengthened. In the S, state of 4AC-(H,0)s complex, A and B type HBs are weakned, and C type HB is
strengthned. The weakening of B type HBs in 4AC water complex shows the uncommon behavior of aminocoumarin

molecules, resolved by NBO analysis.
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Introduction

A nonspecific interaction between solute and solvent molecules
is mainly due to the dielectric properties of the solvent, arising
from electrostatic forces.! However, an atom or a group with a
lone pair of electrons in a molecule can form hydrogen bonded
complex with proton-donating group of the solvent
molecules®®. The hydrogen bond formed by organic and
biological molecules in solution plays an important role in the
photochemistry at both ground and excited-states”"’. The
structure, energy and intermolecular HB interactions of organic
and biological molecules in both ground and excited states have
been extensively studied theoretically'®* and
experimentally”>>®, The theoretical studies'®'? demonstrated that
the strengthening (weakening) of HB can decrease (increase) the
excitation energy of a related excited state. The chromophores
of donor-acceptor character can form hydrogen bonds with
protic solvent molecules which influence their structure and
photophysical properties in their ground and excited electronic
states™ ™.

The effective fragment potential (EFP)" is a discrete method
that accounts for solvent molecules explicitly and provides a
polarizable QM-based force field to describe intermolecular
interactions. The EFP method was developed specifically for
water (EFP1)4O'43, can be embedded with PCM have been
applied to study QM molecular behavior in water. The
TDDFT/EFP1 and TDDFT/EFP1/PCM methods were applied
effectively to investigate the interaction of chromophores with
water molecules at the excited state** .
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Coumarin derivatives represent an important class of organic
compounds, exhibit excellent biological and medical
activities*”*®. Aminocoumarins shows fluorescence in the
region 350 - 500 nm, makes them to use as laser dyes and non-
linear optical chromophores® ™. Coumarins with amino group
at position 3 have been synthesized and their biological
activities such as central nervous system depressant,
antibacterial, antiallergic and insect-growth regulatory effects
have been studied®%. In the literature, it is also found that the
derivatives of 4-aminocoumarin shows some biological
activity®®.

Aminocoumarins can form five HBs; one A type, two B type
and two C type due to the participation of hetero atoms N and
O, and hydrogen atoms of amino group. The spectral properties
and HB dynamics of aminocoumarin derivatives have been
studied extensively by number of researchers,”®'*'>!™® and
demonstrated that the decrease in A type HB energy in the S,
state relative to the S, state was much smaller than the increase
in energy of B and C type HBs formed by the carbonyl group
and N-H bond, respectively. In the case of nAC molecules, there
are at least five sites of hydrogen bond formation with water
molecules as shown in figure-1; one A type, two B type and two
C type.

The aim of this study is to compute the change in A, B and C
type HB energies (AEyg’s) of nAC-(H,0)s complexes as a result
of Sy—S; transition using TDDFT/PCM/EFP1 method and to
study the excited state properties of nAC due to HB interaction.
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Figure-1
Sy state optimized structure of (a) 3AC (b) 4AC (c) 3AC-(H,0)s and (d) 4AC-(H,0)s

Methodology

Computational methods: The optimization of nAC molecules,
and nAC-(H,0)s complexes have been performed at the DFT
level®®”" using B3LYP”*” hybrid function with 6-31G(d,p)
basis set.”* The geometries at the excited state were optimized
using the TDDFT”** with same functional and basis set. Based
on optimized ground state geometry the excitation energies were
calculated by TDDFT/B3LYP/PCM/EFP1/6-31G(d,p)
method.*® The relaxed geometry of the first excited state is
used to calculate the fluorescence spectra. The explicit water
molecules were added using DFT based EFP1 water model® in
that all water molecules are treated as EFPs for DFT and
TDDFT calculations. Natural atomic orbital and Natural bond
orbital analysis have been carried out to calculate charge on
each atom at S, and S, states using NBO6.0*” package. All
calcglglg)tions were performed using GAMESS-US software
suit™*.

Five water molecules formed HB with nAC in nAC-(H,0)s
complexes. The HB energy is computed by equating interaction
energy between solute and solvent molecules using the scheme
explained by Nagata et al. in ref. 90. The optimized geometry of
complexes is used to compute the energy of free solute, Ey,, by
removing solvent molecules from the system. Then, the solvent-
solute interaction energy, (Eyp) is calculated as

Eyg = Ecomplex = (Egoru + Ego1v) 1)
Where Egompiex 18 total energy of the complex and E, is total
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EFP energy. By calculating Eyg at both Sy and S, states, the
change in HB energy can be obtained as

AEug = (Enp)si — (Enp)so (2)
By removing four water molecules from the optimized geometry
of nAC-(H,0)s complex, nAC-(H,O) complex is formed for
each type of HB and their energies are calculated using
equation-1 with the same scheme.

Results and Discussion

Electronic structure in ground state: The S, state optimized
structures of nAC and nAC-(H,O)s complexes are shown in
figure-1. The A type (N---H-O) HB is formed between the
nitrogen atom of the amino group of nAC and the hydrogen
atom of the one water molecule, B type (C=0---H-O) HBs are
formed between the oxygen atom of the carbonyl group of nAC
and the hydrogen atom of the two water molecules. Similarly, C
type (N-H---O-H) HBs are formed between the hydrogen atoms
of the amino group of nAC and the oxygen atom of the two
water molecules. One intramolecular HB (C=0---H-N) between
the oxygen of the carbonyl and hydrogen of the amino group is
formed in 3AC. In 4AC-(H,0)s complex oxygen of the pyrone
ring forms a HB (B1') with the water molecule which forms B1
type HB. In addition to these HBs, there is a formation of two
intermolecular HBs between water molecules (WHB) in both
complexes. The calculated bond lengths and bond angles for
nAC and nAC-(H,O)s complexes at S, and S; states are
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presented in table-1. In complexes, the formation of hydrogen
bonds can slightly change the structure of nAC. In pyrone ring,
due to the formation of B type HB, O1-C2, C2-C3 bond lengths
decreases and O1-C6, C3-C4, C2-O11 bond lengths increases.
No change in the C4-C5 bond length in 4AC and it decreases in
3AC, whereas the converse effect is observed for C5-C6 bond.
Similarly, due to the formation of A type HB C-N bond length
decreases, one N-H bond length slightly expands and another
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slightly contracts. There is no distortion of the benzene ring due
to the formation of HBs in both 3AC and 4AC complexes. The
change of bond lengths for O1-C2, O1-C6 C2-C3, C2-Ol11
C4(3)-N12 in 4AC-(H,0)5 complex is greater as compared to
3AC-(H,0)s complex. No appreciable changes in bond angles
of nAC in complexes as compared to the bond angles of
monomers.

Bond lengths, r (A) and bond angles, A (°) of nACrgilél: siate, and nAC-(H,0); complexes at Sy and S, states
3AC 3AC-(H,0)s 4AC 4AC-(H,0)s

A So So Sy So So St

R(1-2) 1.367 1.366 1.425 1.408 1.397 1.373
R(1-6) 1.376 1.378 1.372 1.358 1.369 1.399
R(2-3) 1.479 1.473 1.437 1.441 1.418 1.405
R(3-4) 1.364 1.370 1.404 1.369 1.375 1.448
R(4-5) 1.439 1.432 1.416 1.461 1.461 1.408
R(5-6) 1.407 1.407 1.430 1.409 1.412 1.444
R(2-11) 1.215 1.223 1.248 1.210 1.228 1.248
R(5-7) 1.410 1411 1.421 1.408 1.409 1.451
R(6-10) 1.393 1.394 1.388 1.400 1.398 1.380
R(7-8) 1.389 1.388 1.390 1.389 1.390 1.377
R(8-9) 1.403 1.404 1.400 1.402 1.402 1.415
R(9-10) 1.392 1.393 1.406 1.389 1.390 1.416
R(3.4-12) 1.374 1.369 1.366 1.375 1.362 1.343
R(12-18) 1.011 1.010 1.012 1.010 1.009 1.014
R(12-19) 1.008 1.010 1.017 1.009 1.014 1.016
A(2-1-6) 122.9 123.2 121.0 122.1 121.1 121.0
A(1-2-3) 117.4 118.0 116.1 116.0 116.9 118.7
A(1-6-5) 120.7 120.0 122.3 122.6 122.7 122.1
A(2-3-4) 120.1 119.1 123.5 123.2 123.8 121.3
A(3-4-5) 120.6 121.3 118.4 118.9 117.9 119.5
A(6-5-7) 117.4 117.5 117.7 118.2 118.2 116.9
A(5-6-10) 122.3 122.4 120.8 121.0 121.2 122.1
A(5-7-8) 120.8 120.8 1214 121.0 120.6 120.0
A(6-10-9) 119.0 118.8 120.1 119.7 119.5 119.7
A(7-8-9) 120.3 120.3 119.8 119.8 120.2 121.8
A(8-9-10) 120.1 120.2 120.4 120.3 120.3 119.5
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Electronic structure in excited state: In the S; state of nAC-
(H,0)s complexes C3-C4, C5-C6, C2=011, C5-C7, C9-C10
bond lengths increases, whereas C2-C3, C4-C5, C6-C10 bond
lengths decreases. The ground and excited state HB lengths of
nAC-(H,0)s complexes are displayed in table-2. In both
complexes, upon molecular excitation, A type HB expands and
C type HBs contracts due to which C-N bond length decreases
and N-H bond lengths increases. B type HBs contracts in 3AC-
(H,0)5 complex and slightly expands in 4AC-(H,0)s complex.
In 3AC-(H,0)s complex O1-C2 bond length increases, O1-C6
bond length decreases, whereas in 4AC-(H,0)s complex O1-C2
bond length decreases and O1-C6 bond length increases. In the
S, state, variation of bond lengths in pyrone and benzene ring
causes the change in bond angles less than 3. In 3AC-(H,0);
complex, one WHB is elongated and another gets contracted,
whereas in 4AC-(H,0)s complex, both WHBs are contracted.

C-C-N-H dihedral angles of both complexes are given in table-
3. In 3AC-(H,0)s complex C2-C3-N12-H19 and C4-C3-N12-
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H18 dihedral angles changes from -20.1° to -4.9° and 14.2° to -
2.0°, respectively due to molecular excitation. In the S; state of
4AC-(H,0)5 complex the dihedral angles C3-C4-N12-H19 and
C5-C4-N12-H18 changes by 8.2° and -11.6°, respectively. Thus,
the umbrella-like open-close motion of the amino group causes
the change of dihedral angles in both complexes.

Molecular electrostatic potential (MEP) and NBO analysis:
Molecular electrostatic potential (MEP), computed at the
B3LYP level are depicted graphically in figure-2 along with the
natural charges on various atoms and groups. The color code of
these maps was in the range from -0.001 to 0.001 a. u. for
negative (red color) and the positive (blue color) charge density
regions. In both molecules most negative potential regions were
mainly localized over O1, O11 and N12 atoms showing the
most favourable sites for electrophilic attack. Meanwhile, a
maximum positive regions are localized over benzene and
pyrone rings (except O1), which are indicated possible sites for
nucleophilic attack.

Table-2
Intramolecular HB length, r (A) of 3AC at S state and intermolecular HB lengths of nAC-(H,0); complexes at S, and S,
states
3AC 3AC-(H,0)s 4AC-(H,0)s
r/A
So So Sy So S
C=0---H-N 2.278 - - - -
N---H-O (A) - 2.035 2.378 2.117 2.566
C=0---H (B1) - 1.930 1.851 1.941 1.957
O---H (B1") - - - 2.074 2.076
C=0---H (B2) - 2.024 1.931 1.928 1.948
N-H---O (C1) - 1.954 1.780 1.872 1.752
N-H---O (C2) - 1.851 1.718 2.029 1.850
H---O (WHB1) - 1.724 1.706 1.866 1.841
H---O (WHB2) - 2.022 2.053 1.810 1.784
Table-3
The dihedral angles, A (°) of nAC in S, state, and nAC-(H,0); complexes in Sy and S, states
3AC 3AC-(H,0)s 4AC 4AC-(H,0)s

A A

S(] S(] S] S() SO S1
A(2-3-12-19) -21.7 -20.1 -4.9 A(3-4-12-19) -13.0 -18.5 -10.3
A(4-3-12-18) 16.1 14.2 2.0 A(5-4-12-18) 29.3 12.5 0.9
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Figure-2
Molecular electrostatic potential of 3AC and 4A C molecules at (a) Sy and (b) S; states in complexes with natural charges on
various atoms and groups

NBO analysis of nAC-(H,0)s complexes at Sy and S state have
been carried out along with the calculation of HOMO and
LUMO. The frontier molecular orbitals (MOs) of isolated nAC
are depicted in figure-3. The natural charges on O1, O11 and
N12 atoms are -0.497, -0.661 and -0.911e, respectively in 3AC-
(H,0)s and -0.525, -0.681 and -0.887e respectively in 4AC-
(H,0)s complex. The MEP and natural charges on Ol atom
indicating the possibility of B1' type HB formation in 4AC-
(H,0)s complex. At the S, state, natural charges on pyrone (with
carbonyl), benzene and amino groups are 0.572, 0.227 and
0.070e, respectively for 3AC-(H,0)5 complex and 0.518, 0.280
and 0.082¢, respectively for 4AC-(H,O)s complex. In the S,
state, natural charges on O1, O11 and N12 atoms are -0.516, -
0.708 and -0.752e¢, respectively in 3AC-(H,O)s and -0.517, -
0.593 and -0.816e respectively in 4AC-(H,O)s complex. In the
excited state of 3AC-(H,O)s complex, the natural charges on
benzene ring and amino group are increased by 0.031 and
0.070e, respectively and decreased by 0.110e on pyrone ring
(with carbonyl group), whereas in 4AC-(H,0O)s complex, natural
charges on pyrone (with carbonyl) and amino groups are
increased by 0.007 and 0.080e, respectively and decreased by
0.226¢ on benzene ring. Upon excitation, natural electronic
charge on N12 atom decreases in both complexes, while natural
electronic charges on Ol and Ol1 atoms increases in 3AC-
(H,0)s, and decreases in 4AC-(H,0)s, which accounts for the
weakening of B type HB in 4AC-(H,0)s complex. From figire-3
it can also be observed that the intramolecular redistribution of
electronic charges from the amino group and the benzene ring to
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pyrone ring and carbonyl group of coumarin moiety in 3AC-
(H,0)s complex, while in 4AC-(H,O)s complex the charge
transfer is from pyrone ring, amino and carbonyl groups to
benzene ring. Thus, the excited state in both complexes may be
an intramolecular charge-transfer (ICT) state.

The natural bonding (Lewis) and antibonding (non-Lewis)
orbitals for C=0, C-N and N-H bonds of nAC-(H,0)s
complexes are displayed in figure-4 along with occupancy and
orbital energy. The non-Lewis occupancy of C=0 is 0.341 and
0.340 in 3AC-(H,0)5 and 4AC-(H,0)s with orbital energy -8.77
and 29.93 kJ/mol, respectively. So, in the S; state, the natural
electronic charge on O12 atom increases in 3AC-(H,0)s and
decreases in 4AC-(H,0)s complex, due to which B type HBs
strengthen in 3AC-(H,0)s and weaken in 4AC-(H,0)s complex.
The non-Lewis occupancy of C-N is 0.015 and 0.016 in 3AC-
(H,0)s and 4AC-(H,0)s with orbital energy 1271 and 1248
kJ/mol, respectively. In the S, state, due to lower energy
antibonds, the charge transfer from N atom is lesser in 4AC-
(H,0)s complex as compared to 3AC-(H,0)s complex. This
may be the reason for lesser change in A type HB energy at the
excited state of 4AC-(H,0)s complex. The electron density in
Lewis and non-Lewis NBOs are 97.23 and 2.77%, respectively
in 3AC-(H,O)s, and 96.54 and 3.46%, respectively in 4AC-
(H,0)s complex. Thus, the absorption energy of 4AC-(H,0)s
complex is mainly due to ICT than the change in HB energy.

78
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Figure-3
Molecular orbitals of 3AC and 4A C molecules
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N12-H18 N12-H19

Bond
(1.988, -2099) (1.984, -1604) (1.984, -1600)
3AC
-—’
Antibond ‘
(0.015, 1271)
(0.008, 1577)
Bond
(1.985, -947)
4AC
Antibond

(0.016, 1248)

(0.007, 1498) (0.007, 1401)

Figure-4
Natural bonding and antibonding orbitals of C=0, C-N and N-H bonds in 3AC-(H,0); and 4AC-(H,0)s complexes.
Occupancy and orbital energy (kJ/mol) are given in parenthesis

Electronic spectra and excited state properties: To elucidate
the influences of different types of hydrogen bonds on the
spectral properties of nAC-(H,0)s complexes in water, the
absorption wavelengths with corresponding oscillation strengths
of nAC and nAC-(H,0O)s complexes in the gas phase and in
solvents at S; state are calculated and listed in table-4. The
assignments of the electronic excitations in table-4 reveals that
the major contributions (~ 90%) of the orbital transitions at S,
state come from HOMO (H) to LUMO (L) for both molecules.
Figure-5 displays the absorption spectra of nAC monomers and
their water complexes. 3AC molecule produce the intense
absorption wavelengths 306.1 nm in the gas phase, 320.5 nm in
water, 317.8 nm in ether and 320.2 nm in methanol. The
absorption wavelengths for 3AC-(H,0)s complex are found to
be 324.8 nm in gas phase and 331.8 nm in water, which are red
shifted as compared to absorption wavelengths of 3AC, due to
formation of HBs. 4AC and 4AC-(H,0)s molecules are 289.6
and 288.9 nm in the gas phase, and 285.0 and 287.2 nm in
water, respectively. The absorption wavelengths for 4AC and
4AC-(H,0)s complex in both gas phase and water are found to
be nearly equal, but the oscillator strength increases in water. It
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is also observed that the formation of HBs with 4AC molecule
does not affect its absorption spectra in the appreciable range.
The emission wavelength from fluorescence spectra of 3AC in
ether and methanol, and 4AC in water is calculated as 380.3
405.3 and 346.7 nm, respectively (figure-6). To compare our
calculated values with the available experimental values from
the literature, we have simulated the absorption and emission
spectra of 3AC in ether and methanol. The experimentally
determined values of absorption wavelength for 3AC in ether
and methanol are 321.0 and 324 nm®, respectively, 4AC in
water is 291 nm’' and the emission wavelength of 3AC in ether
is 380 nm”, which are in good agreement with our calculated
values.

Hydrogen bond dynamics: In order to compute HB energy of
particular type, TDDFT calculations for nAC-(H,O) complex
have been carried out by infinitely extrication of other four EFP
water molecules and AEygs are calculated using equation-1 and
equation-2. The electronic excitation energies corresponding to
So—S; transition of nAC-(H,0)s complex for A, B and C type
HBs were calculated using the TDDFT/PCM/EFP1 method and
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presented in table-5. From this table, it has been noticed that, in
the S, state of 3AC, A type intermolecular HB is weakened,

whereas B and C type intermolecular HBs are strengthened. In

0.5

Oscillator strength

300 320 340
A (nm)
Figure-5
Simulated real-time TD-DFT absorption spectra of 3AC (blue curves), 4AC (violet curves) molecules and their water
complexes. 1, 2-monomers in gas phase and water, 3, 4-complexes in gas phase and water, 5, 6-monomer in methanol and
ether

Table-4

ISSN 2231-606X
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the case of 4AC, due to molecular excitation Eyg decreases for
A and B type HBs and increases slightly for C type HBs.]

Absorption wavelengh (Sy—S;), A (nm), oscillator strength, f and assignment of electronic excitations of nAC and nAC-
(H,0);s complexes in gas phase and in solvent. Only selected transitions with enough oscillator strength around the main

peak are included

Molecule Sol;;:;igas A f Wave function (excitation amplitude)
H-1-L (0.566), H— L+ 1 (0.697)
h 1 .
Gas phase 306 0.339 H-1-L+2 (0.202), H—L+2(0.351)
Water 320.5 0.609 H — L (0.995)
3AC 317.8
Ether 321.0° 0.431 H—L(0.986),H-1—>L+1 (0.110)
320.2
Methanol 324.0° 0.409 H—L(0.987),H-1—L+1(0.104)
Gas phase 324.8 0.316 H—-L (0982), H-1—L+1(0.120)
3AC-(H,0)s
Water 331.8 0.530 H — L (0.995)
H— L (0.926), H— L +2 (0.116)
iac Gas phase 289.6 0.141 H-1- L (0303)
285.0 H— L (0.958), H-1— L (0.303)
W .
ater 291.0° 0386 H-1-L+1(0.158)
Gas phase 288.9 0.141 H— L 0.926),H-1— L (0.24)
4AC-(H,0)5 287.5
Water 291.0° 0.370 H—-L (0977),H-1—>L+1 (0.172)

Experimental values from absorption spectral study by * Subba rao et al. 91 and * Stamboliyska et al. 92.
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06 [

Oscillator strength

A (nm)
Figure-6
Simulated real-time TD-DFT emission spectra of 3AC and 4AC. 1, 2 - 3AC in methanol and ether, 3 - 4AC in water

Table-5
Absorption spectral shifts, AE (kJ/mol), hydrogen bond energy, Egg and AEgg of nAC-(H,0)s and respective nAC-(H,0)
complexes for A, B and C type HBs

3AC-(H,0);s 4AC-(H,0);s

Type of HB

AE (Eun)so (Enp)s1 AEgg AE (Enp)so (Engp)s1t AEgg
A,B,C -12.71 -237.57 -245.42 7.85 3.19 -248.38 -243.27 -5.11
A 1.47 -35.73 -29.41 -6.33 7.13 -32.92 -31.76 -1.17
B1 + (B1") -7.58 -39.95 -42.68 2.73 5.49 -52.25 -49.45 -2.80
B2 -6.28 -35.90 -37.32 1.43 5.97 -40.24 -37.91 -2.32
Cl1 -7.77 -35.12 -38.04 2.92 9.09 -40.83 -41.63 0.80
C2 -10.16 -37.15 -42.46 5.31 9.43 -32.58 -33.72 1.13

In 3AC-(H,0)s complex, A type HB energy decreased by 6.33
kJ/mol, whereas B1, B2, C1 and C2 type HB energies are
increased by 2.73, 1.43, 2.92 and 5.31 kJ/mol, respectively. The
total (sum of A, B1, B2, C1 and C2 types) change in HB energy
is found to be 1.79 kJ/mol lesser the change in HB energy of
3AC-(H,0O)s complex. This indicates that the total change in
energy of WHBs increases at S; state. The scheme applied in
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this work having the limitation for the calculation of Eyp of
individual WHB. In 4AC-(H,0)5 complex, A, B1 and B2 type
HB energies are decreased by 1.17, 2.80 and 2.32 kJ/mol,
whereas C1 and C2 type HB energies are increased by 0.80 and
1.13 kJ/mol, respectively. The change in HB energy of 4AC-
(H,0)5 complex is found to be 0.76 kJ/mol lesser than the sum
of HB energy of A, B1, B2, C1 and C2 type, which indicates
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that the total change in energy of WHBs decreases at S; state.
Upon excitation, AEyg increased by 7.85 kJ/mol in 3AC-(H,0)s
complex and decreased by 5.11 kJ/mol in 4AC-(H,0)s complex.
Thus, due to the formation of HBs by 3AC with water
molecules redshift is observed in the absorption spectra,
whereas in the case of 4AC, no spectral shift is observed. This
may be due to the favourable ICT in 4AC as compared to 3AC
in their complexes at S; state.

The plot of absorption spectral shift, AE dependence on AEyg
for various types of HBs of nAC-(H,O)s complex relative to
nAC monomer is given in figure-7. In 3AC-(H,0O)s complex
blueshift of spectral line due to A type HB and redshift of
spectral line due to B and C type HBs (figure-7a), whereas in
4AC-(H,0)s complex A and B type HBs shows blueshift, and C
type HBs shows slightly redshift (figure-7b). The effect of A, B
and C type HBs in 3AC-(H,O)s complex shows spectral
redshift, whereas in 4AC-(H,O)s complex shows spectral
blueshift. This may be the cause of spectral redshift on the
absorption spectra of 3AC in water imposed by strengthening of
B and C type HBs, and weakening of A type HB. In case of
4AC-(H,0)s complex, the weakening of A, B type HBs and
slight strengthening of C type HBs may not cause a spectral
shift in the absorption spectra of 4AC in water due to the high
percentage of electron density in non-Lewis NBOs as compared
to 3AC.

Conclusion

In this work, hydrogen bonding sites and electronic excitation

Res. J. Chem. Sci.

4AC molecules formed five HBs with water molecules; one A
type, two B type and two C type. An intra-molecular HB (2.278
A) is observed in 3AC between the oxygen of the carbonyl
group and hydrogen of the amine group. As a result of the
So—S; transition of 3AC, A type HB weekend by 6.33 kJ/mol,
whereas B1, B2, C1 and C2 type HBs are strengthened by 2.73,
1.43, 2.92 and 5.31 kJ/mol, respectively. In the S; state of 4AC
in water A, B1 and B2 type HBs weekend by 1.17, 2.80 and
2.32 kJ/mol, whereas C1 and C2 type HBs strengthened by 0.80
and 1.13 kJ/mol, respectively. The molecular excitation of 3AC-
(H,0)s complex in water results in the elongation of A type HB
by 0.343 A, and contraction of B1, B2, C1 and C2 type HBs by
0.079, 0.093, 0.174 and 0.133 10\, respectively, whereas in the S;
state of 4AC-(H,0)s complex, A, B1, B1' and B2 type HBs are
elongated by 0.449, 0.016, 0.002 and 0.020 A, and C1, C2 type
HBs are contracted by 0.120 and 0.179 A, respectively. In 3AC-
(H,0)s complex, two WHBs are formed; upon excitation, one
WHB is elongated and other gets contracted. In 4AC-(H,O)s
complex, there is also formation of two WHBs and are
contracted at S; state. In 3AC-(H,0)s complex, the quantitative
decrease in bond length of WHB is lower than the increase in
bond length of WHB, which causes the blueshift effect on
absorption spectra of 3AC-(H,0)s complex by ~1.79 kJ/mol. In
the S; state of 4AC-(H,0O)s complex both WHBs gets contract
and causes redshift effect on absorption spectra by ~0.76
kJ/mol.

Acknowledgement

This work was supported by the University Grants Commission,

energy of 3AC and 4AC have been investigated by means of India under the research project No. 1502-MRP/14-
TDDFT/PCM/B3LYP/EFP1/6-31G(d,p) method augmented 15/KAMY022/UGC-SWRO.
with explicit inclusion of five water molecules. Both 3AC and
200 [~ : : : : : 200 e : : : :
. A s A
0Fr 0t
2001 1 _-200t .
.E -
G E
% -400 R :2,_400 | |
» B2« 5
; B2«
3 -600 | Bi 1 o
2 * -600 | . Bi .
ct 3 o
-800 1
co* -800 :
cz2*®
-1000 1
. . . . s ABC: -1000 - 1
600 -400  -200 0 200 400 600 , . , , . ABC:
AEyg (em™) -600 -400 -200 0 p 200 400 600
(b)
Figure-7

The plot of absorption spectral shift, AE dependence on AEyg for various types of HBs of (a) 3AC-(H,0)s and (b) 4AC-
(H,0);s complexes relative to their monomer

International Science Congress Association



Research Journal of Chemical Sciences

ISSN 2231-606X

Vol. 5(12), 74-87, December (2015)

References

1.

10.

11.

12.

March N.H. and Tosi M.P., Coulomb Liquids, Academic
Press, New York (1984)

Biczok L., Brces T. and Linschitz H., Quenching
Processes in Hydrogen-Bonded Pairs: Interactions of
Excited Fluorenone with Alcohols and Phenols, J. Am.
Chem. Soc., 119, 11071 (1997)

Moog R.S., Burozski N.A., Desai M.M., Good W.R.,
Silvers C.D., Thomson P.A. and Simon J.D., Solution
photophysics of 1- and 3-aminofluorenone: the role of
inter- and intramolecular hydrogen bonding in
radiationless deactivation, J. Phys. Chem., 95, 8466
(1991)

Palit D.K., Zhang T., Kumazaki S. and Yoshihara K., The
Role of the Amino Protecting Group during
Parahydrogenation of Protected Dehydroamino Acids, J.
Phys. Chem. A, 107, 10789 (2003)

Nibbering E.T.J., Fidder H. and Pines E., Ultrafast
Chemistry: Using Time-resolved Vibrational
Spectroscopy for Interrogation of Structural Dynamics,
Annu. Rev. Phys. Chem., 56, 337 (2005)

Demeter A., Barasz L. and Berces T., Influence of
Hydrogen Bond Formation on the Photophysics of N-
(2,6-Dimethylphenyl)-2,3-naphthalimide, J. Phys. Chem.
A, 108, 4357 (2004)

Liu Y., Ding J., Liu R., Shi D. and Sun J., Changes in
energy of three types of hydrogen bonds upon excitation
of aminocoumarins determined from absorption

solvatochromic experiments, J. Photochem. Photobiol. A,
201, 203 (2009)

Zhou P., Song P., Liu J., Han K. and He G., Experimental
and theoretical study of the rotational reorientation
dynamics of 7-aminocoumarin derivatives in polar
solvents: hydrogen-bonding effects, Phys. Chem. Chem.
Phys., 11, 9440 (2009)

Liu Y., Ding J.,, Shi D. and Sun J., Time-dependent
density functional theory study on electronically excited
states of coumarin 102 chromophore in aniline solvent:
reconsideration of the electronic excited-state hydrogen-
bonding dynamics, J. Phy.s Chem. A, 112, 6244 (2008)

Miao M. and Shi Y., Reconsideration on hydrogen bond
strengthening or cleavage of photoexcited coumarin 102
in aqueous solvent: a DFT/TDDFT study, J. Comput.
Chem., 32, 3058 (2011)

Liu Y-H. and Li P., Excited-state hydrogen bonding
effect on dynamic fluorescence of coumarin 102

chromophore in solution: A time-resolved fluorescence
and theoretical study, J. Lumin., 131, 2116 (2011)

Pines E., Pines D., Ma Y-Z. and Fleming G.R.,
Femtosecond pump-probe measurements of solvation by

International Science Congress Association

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Res. J. Chem. Sci.

hydrogen-bonding interactions, Chem. Phys. Chem., 5(9),
1315 (2004)

Nibbering E.T.J., Fidder H. and Pines E., Ultrafast
Chemistry: Using Time-resolved Vibrational

Spectroscopy for Interrogation of Structural Dynamics,
Annu. Rev. Phys. Chem., 56, 337 (2005)

Zhao G-J. and Han K-L., Hydrogen bonding in the
electronic excited state, Acc. Chem. Res., 45, 404 (2012);
Ultrafast hydrogen bond strengthening of the
photoexcited fluorenone in alcohols for facilitating the
fluorescence quenching, J. Phys. Chem. A, 111, 9218
(2007)

Zhao W., Pan L., Bian W. and Wang J., Influence of
solvent polarity and hydrogen bonding on the electronic
transition of coumarin 120: a TDDFT study, Chem. Phys.
Chem., 9, 1593 (2008)

Zhao G-J., Liu J-Y., Zhou L-C. and Han K-L., Site-
selective photoinduced electron transfer from alcoholic
solvents to the chromophore facilitated by hydrogen
bonding: a new fluorescence quenching mechanism, J.
Phy.s Chem. B, 111, 8940 (2007)

Zhang M., Ren B., Wang Y., Zhao C., A DFT/TDDFT
study on the excited-state hydrogen bonding dynamics of

6-aminocoumarin in water solution, Spectrochimica Acta
Part A, 101, 191 (2013)

Ramegowda M., Change in energy of hydrogen bonds
upon excitation of 6-aminocoumarin: TDDFT/EFP1
study, New J. Chem., 37, 2648 (2013); Change in Energy
of Hydrogen Bonds upon Excitation of Coumarin 1:
TDDFT/EFP1 Method, Res. J. Chem. Sci., 3(7), 1
(2013); A TDDFT/EFP1 study on hydrogen bonding
dynamics of coumarin 151 in water, Spectrochimica Acta
Part A, 137, 99 (2015).

Zhao G-J. and Han K-L., Effects of hydrogen bonding on
tuning  photochemistry:  concerted hydrogen-bond
strengthening and weakening, Chem.Phys.Chem., 9, 1842
(2008); Early time hydrogen-bonding dynamics of
photoexcited coumarin 102 in hydrogen-donating
solvents: theoretical study, J. Phys. Chem. A, 111, 2469,
(2007)

Zhao G-J. and Han K-L., Hydrogen Bonding and
Transfer in the Excited State, John Wiley & Sons Ltd
(2011)

Liu Y.H. and Lan S.C, Questionable Excited-State H-
Atoms Transfer Mechanism for 7-Hydroxyquinoline
(NH3)3 Cluster, Commun. Comput. Chem., 1, 1 (2013)

Li GY., Li Y.H, Zhang H. and Cui G.H, Time-
Dependent Density Functional Theory Study on a
Fluorescent Chemosensor Based on C—Hee*F Hydrogen-
Bond Interaction, Commun. Comput. Chem., 1, 88 (2013)

Morimoito A., Yatsuhashi T., Shimada T., Biczok L.,



Research Journal of Chemical Sciences

ISSN 2231-606X

Vol. 5(12), 74-87, December (2015)

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

Tryk D.A. and Inoue H., Radiationless deactivation of an
intramolecular charge transfer excited state through
hydrogen bonding: Effect of molecular structure and
hard-soft anionic character in the excited state, J. Phys.
Chem. A, 105, 10488 (2001)

Biczok L., Berces T. and Linschitz H., Quenching
Processes in Hydrogen-Bonded Pairs: Interactions of

Excited Fluorenone with Alcohols and Phenols, J. Am.
Chem. Soc., 119, 11071 (1997)

Vetokhina V., Kijak M., Wiosna-Salyga G., Thummel
R.P.,, Herbich J. and Waluk J., On the origin of
fluorescence quenching of pyridylindoles by hydroxylic
solvents, Photochem. Photobiol. Sci., 9, 923 (2010)

Kyrychenko A. and Waluk J., Excited-state proton
transfer through water bridges and structure of hydrogen-
bonded complexes in 1H-pyrrolo[3,2-h]quinoline:
adiabatic time-dependent density functional theory study,
J. Phys. Chem. A, 110, 11958 (2006)

Waluk J., Hydrogen-Bonding-Induced Phenomena in
Bifunctional Heteroazaaromatics, Acc. Chem. Res., 36,
832 (2003)

Krystkowiak E. and Maciejewski A., Changes in energy
of three types of hydrogen bonds upon excitation of
aminocoumarins determined from absorption
solvatochromic experiments, Phys. Chem. Chem. Phys.,
13, 11317 (2011)

Jones II G., Jackson W.R. and Halpern A.M., Medium
effects on fluorescence quantum yields and lifetimes for
coumarin laser dyes, Chem. Phys. Lett., 72, 391 (1980)

Kamlet M.J., Dickinson C. and Taft R.W., Linear
solvation energy relationships Solvent effects on some
fluorescence probes , Chem. Phys. Lett., 77, 69 (1981)

Masilamani V. and Sivaram B.M., Solvent effects on the
spectral and gain characteristics of a DAMC dye laser, J.
Lumin., 27, 147 (1982)

Arbeloa T.L., Arbeloa F.L., Tapia M.J. and Arbeloa L.L.,
Hydrogen-bonding effect on the photophysical properties
of 7-aminocoumarin derivatives, J. Phys. Chem., 97,
4704 (1993).

Arbeloa T.L., Arbeloa F.L., Tapia Estevez M.J. and
Arbeloa L.L., Binary solvent effects on the absorption and
emission of 7-aminocoumarins, J. Lumin., 59, 369 (1994)

Krystkowiak E., Dobek K. and Maciejewski A., Origin
of the strong effect of protic solvents on the emission
spectra, quantum yield of fluorescence and fluorescence
lifetime of 4-aminophthalimide: Role of hydrogen bonds
in deactivation of S1-4-aminophthalimide, J. Photochem.

Photobiol. A, 184,250 (2006).

Matsubayashi K.and Kubo Y., Control of Photophysical
Properties and Photoreactions of Aromatic Imides by Use

International Science Congress Association

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Res. J. Chem. Sci.

of Intermolecular Hydrogen Bonding, J. Org. Chem., 73,
4915 (2008)

Samant V., Singh A.K., Ramakrishna G., Ghosh H.N.,
Ghanty T.K. and Palit D.K., Ultrafast Intermolecular
Hydrogen Bond Dynamics in the Excited State of
Fluorenone, J. Phys. Chem. A, 109, 8693 (2005)

Munoz M.A., Galan M., Gomez L., Carmona C.,
Guardado P. and Balon M., The pyrrole ring as
hydrogen-bonding m-donor base: an experimental and
theoretical study of the interactions of N-methylpyrrole
with alcohols, J. Chem. Phys., 290, 69 (2003)

Carmona C., Balon M., Galan M., Guardado P. and
Munoz M.A., Dynamic Study of Excited State Hydrogen-
bonded Complexes of Harmane in Cyclohexane—Toluene
Mixtures, Photochem. Photobiol., 76,239 (2002)

Carmona C., Balon M., Galan M., Guardado P. and
Munoz M.A., Kinetic Study of Hydrogen Bonded
Exciplex Formation of Ng-methyl Harmane, J. Phys.
Chem. A, 105, 10334 (2001)

Day P.N., Jensen J.H., Gordon M.S., Webb S.P., Stevens
W.J., Krauss M., Garmer D., Basch H. and Cohen D., An
effective fragment method for modeling solvent effects in

quantum mechanical calculations, J. Chem. Phys. 105,
1968 (1996)

Gordon M.S., Freitag M.A., Bandyopadhyay P., Jensen
J.H., Kairys V. and Stevens W.J., The Effective Fragment
Potential Method: A QM-Based MM Approach to
Modeling Environmental Effects in Chemistry, J. Phys.
Chem. A, 105,293 (2001)

Adamovic 1., Freitag M.A. and Gordon M.S., Density
functional theory based effective fragment potential
method, J. Chem. Phys., 118, 6725 (2003)

Jensen J.H. and Gordon M.S., An Approximate Formula
for the Intermolecular Pauli Repulsion Between Closed
Shell Molecules. II. Application to the Effective
Fragment Potential Method, J. Chem. Phys., 108, 4772
(1998)

Arora P., Slipchenko L.V., Webb S.P., DeFusco A. and
Gordon M.S., Diffusion of atomic oxygen on the Si(100)
surface, J. Phys. Chem. A, 114, 6742 (2010)

Minizawa N., De Silva N., Zahariev F. and Gordon M.S.,
Implementation of the analytic energy gradient for the
combined time-dependent density functional
theory/effective fragment potential method: Application
to excited-state molecular dynamics simulations, J.
Chem. Phys., 134, 54111 (2011)

Yoo S., Zahariev F., Sok S. and Gordon M.S., Solvent
effects on optical properties of molecules: A combined

time-dependent density functional theory/effective
fragment potential approach, J. Chem. Phys., 129,
144112 (2008)

85



Research Journal of Chemical Sciences

ISSN 2231-606X

Vol. 5(12), 74-87, December (2015)

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Parmer S. and Kumar R., 6H-Indeno[2,1-g]quinolines,
J. Med. Chem., 11, 635 (1968)

Rohini K. and Srikumar P., Therapeutic Role of
Coumarins and Coumarin-Related Compounds,
Thermodynamics & Catalysis, 5(2), 1000130 (1981)

Tianzhi Y., Yuling Z. and Duowang F., Synthesis, crystal
structure and photoluminescence of 3-(1-benzotriazole)-
4-methyl-coumarin, J. Mol. Struct., 791, 18 (2006)

Yu T.Z., Zhao Y.L., Ding X.S., Fan D.W., Qian L. and
Dong W.K., Synthesis, crystal structure and
photoluminescent behaviors of 3-(1H-benzotriazol-1-yl)-
4-methyl-benzo[7,8]coumarin, J. Photochem. Photobiol.
A, 188, 245 (2007)

Ray D. and Bharadwaj P.K., A Coumarin-Derived
Fluorescence Probe Selective for Magnesium, Inorg.
Chem., 7, 2252 (2008)

Trenor S.R., Shultz A.R., Love B.J. and Long T.E.,
Coumarins in Polymers: From Light Harvesting to
Photo-Cross-Linkable Tissue Scaffolds, Chem. Rev. 104,
3059 (2004)

Tianzhi Y., Peng Z., Yuling Z., Hui Z., Jing M., and
Duowang F., Synthesis and photoluminescent properties
of two novel tripodal compounds containing coumarin
moieties, Spectrochim. Acta Part A, 73, 168 (2009)

Ruikui C., Xichuan Y., Haining T. and Licheng S., J.
Photochem. Photobiol. A, 189, 295 (2007)

Singer K.D., Lalama S.L., Sohn J.E. and Small R.D.,
Non-linear optical properties of Organic molecules
Crystals, Academic Press, Orlo, FL (1987) ch. II-8.

Nicoud J.F. and Twieg R.J., Non-linear optical properties
of Organic molecules Crystals, Academic, Orlo, FL
(2002) ch. II-3.

Moerner W.E. and Silence S.M., Polymeric
Photorefractive Materials, Chem. Rev., 94, 127-155
(1994)

O’Kennedy R., Coumarins Biology, Applications Mode
of Action, Wiley, Chichester (1997)

Yu T.Z., Zhang P., Zhao Y.L., Zhang H., Meng J., Fan
DW. and Dong W.XK. Photoluminiscence and
electroluminescence of a tripodal compound containing
7-diethyl amino-coumarin moiety, J. Phys. D: Appl.
Phys., 41, 235406 (2008)

Tianzhi Y., Peng Z., Yuling Z., Hui Z., Jing M. and
Duowang F., Synthesis, characterization and high-
efficiency blue electroluminescence based on coumarin
derivatives of 7-diethylamino-coumarin-3-carboxamide,
Org. Electron. 10, 653 (2009)

Asish R., Arunima M. and Raghunath S., Synthesis of
biologically potent new 3-(heteroaryl)aminocoumarin
derivatives via Buchwald-Hartwig C-N coupling,

International Science Congress Association

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Res. J. Chem. Sci.

Tetrahedron Lett. 51, 1099 (2010)

Amit A., Jamie K., Chad C., Natasha D. and Graham J.,
Hydrolysis-free  synthesis  of  3-aminocoumarins,
Tetrahedron Lett., 48, 5077 (2007)

Yadav L.D.S., Singh S. and Rai V.K., A one-pot
[Bmim]OH-mediated synthesis of 3-
benzamidocoumarins, Tetrahedron Lett., 50, 2208 (2009)

Di Braccio M., Grossi G., Roma G., Marzano C.,
Bacccichetti F., Simonato M. and Bordin F., Pyran
derivatives: Part XXI. Antiproliferative and cytotoxic
properties of novel N-substituted 4-aminocoumarins,
their benzo-fused derivatives, and some related 2-
aminochromones, Farmaco 58, 1083 (2003)

G. Roma, M. Di Braccio, A. Carrieri, G. Grossi, G.
Leoncini, M.G. Signorello and A. Carotti, Coumarin,
chromone, and 4(3H)-pyrimidinone novel bicyclic and
tricyclic derivatives as antiplatelet agents: synthesis,
biological evaluation, and comparative molecular field
analysis, Biorg. Med. Chem., 11, 123 (2003)

Parr R.G. and Yang W., Density-Functional Theory of
Atoms, Molecules (New York: Oxford University Press.
1989)

Kim K. and Jordan K.D., Comparison of Density
Functional and MP2 Calculations on the Water Monomer
and Dimer, J. Phy. Chem., 98 (40), 10089-10094 (1994)

Stephens P.J., Devlin F.J., Chabalowski C.F. and Frisch
M.J., Ab Initio Calculation of Vibrational Absorption and
Circular Dichroism Spectra Using Density Functional
Force Fields, J. Phy. Chem., 98 (45), 11623-11627
(1994)

Stevens W.H., Basch H., Krauss M. and Jasien P.,
Relativistic compact effective potentials and efficient,
shared-exponent basis sets for the third-, fourth-, and
fifth-row atoms, Can. J. Chem., 70, 612-630 (1992)

Cundari T.R. and Stevens W.J., Effective core potential
methods for the lanthanides, J. Chem. Phys., 98, 5555-
5565 (1993)

Hay P.J. and Wadt W.R., Ab initio effective core
potentials for molecular calculations. Potentials for the
transition metal atoms Sc to Hg, J. Chem. Phys., 82, 270-
283, (1985)

Becke A.D., Density-Functional Thermochemistry. III.
The Role of Exact Exchange, J. Chem. Phys., 98, 5648
(1993); Density-Functional Exchange-Energy
Approximation with Correct Asymptotic Behavior, Phys.
Rev. A, 38, 3098 (1988)

Lee C., Yang W. and Parr R.G., Development of the
Colle-Salvetti  Correlation-Energy Formula into a
Functional of the Electron Density, Phys. Rev., B37, 785
(1988)



Research Journal of Chemical Sciences

ISSN 2231-606X

Vol. 5(12), 74-87, December (2015)

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Dreuw A. and Gordon M.H., Single-Reference ab Initio
Methods for the Calculation of Excited States of Large
Molecules, Chem. Rev., 105, 4009-4037 (2005)

Elliott P., Furche F. and Burke K., Excited states from
time-dependent density functional Theory, Rev. Comp.
Chem. 26, 91-166 (2009)

Hirata S. and Gordon M.H., Time-dependent density
functional theory  within the Tamm  Dancoff
approximation, Chem. Phy. Lett., 314, 291-299 (1999)

Runge E. and Gross E.K.U., Density-Functional Theory
for Time-Dependent Systems, Phys. Rev. Lett., 52, 997
(1984)

Casida M., Recent Advances in Density Functional
Methods; Chong D.P., Ed., (World Scientific: Singapore,
1995), Vol. 1, pp 155-192.

Bauernschmitt R. and Ahlrichs R., Treatment of
electronic excitations within the adiabatic approximation
of time dependent density functional theory, Chem. Phys.
Lett., 256, 454 (1996)

Stratmann R.E., Scuseria G.E. and Frisch M.J., An
efficient implementation of time-dependent density-
functional theory for the calculation of excitation
energies of large molecules, J. Chem. Phys., 109, 8218
(1998)

Furche F. and Ahlrichs R., Time-dependent density
functional methods for excited state properties, J. Chem.
Phys., 117, 7433 (2002); 121, 12772 (2004)

Li H., Pomelli C.S. and Jensen J.H., Continuum solvation
of large molecules described by QM/MM: a semi-
iterative implementation of the PCM/EFP interface,
Theoret.Chim.Acta, 109, 71 (2003)

Li H., Quantum mechanical/molecular
mechanical/continuum style solvation model: linear
response theory, variational treatment, and nuclear
gradients, J. Chem. Phys., 131, 184103 (2009)

Wang Y. and Li H., Excited state geometry of
photoactive yellow protein chromophore: a combined
conductorlike polarizable continuum model and time-
dependent density functional study, J. Chem. Phys., 133,
034108 (2010)

International Science Congress Association

8s.

86.

87.

88.

89.

90.

91.

Res. J. Chem. Sci.

Adamovic 1., Freitag M.A. and Gordon M.S., Density
functional theory based effective fragment potential
method, J. Chem. Phys., 118, 6725 (2003)

NBO 6.0. Glendening E.D., Badenhoop J.K., Reed A.E.,
Carpenter J. E., Bohmann J. A., Morales C. M., Landis C.
R. and Weinhold F., Theoretical Chemistry Institute,
University of Wisconsin, Madison, WI, (2013);
http://nbo6.chem.wisc.edu

Schmidt M.W., Baldridge K.K., Boatz J.A., Elbert S.T.,
Gordon M.S., Jensen J.H., Koseki S., Matsunaga N.,
Nguyen K.A., Su S.J., Windus T.L., Dupuis M. and
Montgomery J.A., General atomic and molecular
electronic structure system, J. Comput. Chem. 14, 1347-
1363 (1993)

Gordon M.S., Schmidt M.W., Advances in electronic
structure theory: GAMESS a decade later, Chapter 41,
pp 1167-1189, in Theory and Applications of
Computational Chemistry, the first forty years, Dykstra
C.E., Frenking G., Kim K.S., Scuseria G.E., Editors
(Elsevier, Amsterdam, 2005)

Nagata T., Fedorov D.G., Sawada T., Kitaura K. and
Gordon M.S., A combined effective fragment potential-
fragment molecular orbital method. II. Analytic gradient
and application to the geometry optimization of solvated
tetraglycine and chignolin, J. Chem. Phys., 134, 034110
(2011)

Subba rao R.V., krishnamurthy M. and Dogra S.K.,
Fluorescence spectra of 3-aminocoumarin and its acid-
base behaviour in the excited singlet state, J. Photochem.,
34, 55 (1986)

Stamboliyska B., Janevska V., Shivachev B., Nikolova
R.P., Stojkovic G., Mikhova B. and Popovski E.,
Experimental and theoretical investigation of the
structure  and  nucleophilic  properties of  4-
aminocoumarin, ARKIVOC 62 x (2010)



