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ABSTRACT: Excited states of three 7-aminocoumarin derivatives, coumarin 120 (7-
amino-4-methylcoumarin), pyrrolyl coumarin 7-(1H-pyrrol-1-yl)-4-methyl-2H-1-
benzopyran-2-one, and carbazole-coumarin hybrid 10H-4-methyl-2H-2-oxopyrano[5,6-
b]carbazole, have been studied using B3LYP time-dependent density functional theory
(TDDFT). The solvent effect has been taken into account using the polarizable
continuum model. The spectra calculated using TDDFT agree well with the
experimental absorption spectra. The electronic structures and the solvent effect for the
low-lying singlet excited states have been investigated. The HOMO of the pyrrolyl
coumarin is localized on the pyrrolyl ring, while the HOMO in the other 7-
aminocoumarins is delocalized over the entire molecule. This leads to the weak
fluorescence of the pyrrolyl coumarins found in experiments. The HOMO and next
HOMO in carbazole-coumarin hybrids have similar orbital energy values, which is not
the case in the other 7-aminocoumarin derivatives. This leads to the additional peaks
found in the 30,000–40,000 cm�1 region of the observed absorption spectra, which are
specific for carbazole-coumarin hybrids. © 2009 Wiley Periodicals, Inc. Int J Quantum Chem
109: 1940–1949, 2009
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Introduction

T he excited states of 7-aminocoumarin deriva-
tives have been studied extensively both ex-

perimentally [1–13] and theoretically [13–21] be-
cause of their interesting photophysical properties.
These molecules are highly fluorescent and thus
widely used as laser dyes in the blue-green region,
solar energy concentrators, and nonlinear optical
chromophores. The large state-dependent variation
of the dipole moment causes a large Stokes shift for
these molecules, which is sensitive to the polarity of
solvents. Thus, 7-aminocoumarin dyes have also
been used in studying solvatochromic properties in
solvents.

In spite of the large amount of research and wide
applications of 7-aminocoumarins, further investi-
gation of the excited states is essential. For the past
two decades, the nonradiative deactivation mecha-
nism of 7-aminocoumarins has been debated. The
first model describes the nonradiative deactivation
process as the 7-aminocoumarin forming the so-
called twisted intramolecular charge transfer state
from the S1 singlet excited state [3]. The second is
the so-called open-closed umbrella-like motion
mechanism [4]. This mechanism ascribes the inter-
nal conversion process to a structural change of the
amino group from a planar N�-aromatic configu-
ration (with sp2 hybridization for the nitrogen
atom) to a pyramidal N-aromatic configuration
(with sp3 hybridization for the nitrogen atom). For
coumarin 120 (C120) [10] and coumarin 151 (C151)
[9], it is known that the nonradiative deactivation
process differs in polar and nonpolar solvents.

Various quantum mechanical methods have
been employed to study the excited states of 7-ami-
nocoumarins. Semiempirical excited state calcula-
tions of 7-aminocoumarins in the gas phase have
been reported by McCarthy and Blanchard [14].
Ando [15] combined ab initio electronic structure
calculations and molecular dynamics simulation to
study the solvation dynamics of C120 in methanol.
A Car-Parrinello molecular dynamics (CPMD) sim-
ulation was carried out to study microsolvated
C151 [16, 17], coumarin 35 (C35) [17], and coumarin
153 (C153) [17] utilizing the QM/MM CPMD
method [22]. Cave et al. [18] have performed time-
dependent density functional theory (TDDFT),
CASSCF, and multistate CASPT2 calculations for
coumarin C120 and C151. Kurashige et al. [19] have
applied TDDFT, configuration interaction singles,
and resolution-of-the-identity CC2 to coumarin 343

and its derivatives. The most widely used method
for studying the excited states of aminocoumarin
derivatives is the TDDFT method. C153 has been
studied by Mühlpfordt et al. [13] in the gas phase,
and by Improta et al. [21] in cyclohexane solution.
Nguyen et al. [20] applied various density function-
als and basis sets to C120, C102, coumarin 1, cou-
marin 152, C35, coumarin 522, C153, coumarin 307,
and C151 and assessed their performance.

Recently, Kitamura et al. [1] reported a system-
atic study of the synthesis, absorption, and fluores-
cence of 17 7-aminocoumarin derivatives. They dis-
cussed the effect of alkylation of the amino group at
the 7-position, trifluoromethylation of the methyl
group at the 4-position, and the number of ring
structures on the absorption and fluorescence spec-
tra. The numbering of the skeletal atoms of couma-
rin is shown in Figure 1. In their observations, the
absorption spectra of the carbazole-coumarin hy-
brids (compounds 12–15 in Ref. [1]) had two peaks
in the 30,000–40,000 cm�1 region, an observation
that was not made for the other 7-aminocoumarin
derivatives. In the fluorescence spectra, they found
that pyrrolyl coumarins (compounds 7–9 in Ref. [1])
exhibit weak fluorescence, while most of the other
7-aminocoumarins showed strong fluorescence. To
our knowledge, the character of the excited states of
these derivatives has not been studied in detail
theoretically so far.

The aim of this article is to elucidate the charac-
ter of the low-lying excited states of 7-aminocou-
marin derivatives. We have chosen three 7-amin-
ocoumarins with different character in the low-
lying excited states from Ref. [1] to explore:
coumarin 120 (7-amino-4-methylcoumarin, com-
pound 1 in Ref. [1]), 7-(1H-pyrrol-1-yl)-4-methyl-
2H-1-benzopyran-2-one (compound 7 in Ref. [1])
for pyrrolyl coumarins, and 10H-4-methyl-2H-2-ox-
opyrano[5,6-b]carbazole (compound 12 in Ref. [1])
from the carbazole-coumarin hybrids. The three de-

FIGURE 1. Molecular structure of coumarin with the
numbering of skeletal atoms.
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rivatives chosen are illustrated in Figure 2. TDDFT
was used to explore the excited states of these
7-aminocoumarin derivatives in the gas phase and
in ethanol. This article is organized as follows. The
computational details are described in the next sec-
tion. The results of the calculations are shown and
discussed in the third section. The article is con-
cluded in the final section.

Computational Details

The calculations were carried out for the ground
and low-lying singlet excited states of coumarin 120
(referred to as 1 hereafter), 7-(1H-pyrrol-1-yl)-4-

methyl-2H-1-benzopyran-2-one (referred to as 2
hereafter), and 10H-4-methyl-2H-2-oxopyrano[5,6-
b]-carbazole (referred to as 3 hereafter). The ground
state geometries of the 7-aminocoumarins studied
were optimized at the DFT level, so the excitation
energies obtained from our calculation are vertical
in nature. The excitation energy calculations were
carried out applying TDDFT [23–28]. We used
Becke’s three-parameter B3LYP hybrid functional
[29–31] for all of our DFT and TDDFT calculations.
To consider the solvent effect, we applied the po-
larizable continuum model (PCM) [32–34]. The di-
electric constant � � 24.55 was used in our PCM
calculation to estimate the solvent effect of ethanol.
Dunning’s cc-pVDZ [35] was used for our calcula-
tion. The geometry optimizations and the TDDFT
calculations were all performed with the GAUSS-
IAN03 suite of programs [36].

Results and Discussion

THE GROUND STATE STRUCTURE OF
7-AMINOCOUMARIN DERIVATIVES

The ground state structure of the coumarin moi-
ety of the 7-aminocoumarin derivatives in the gas
phase and ethanol are listed in Table I. The molec-
ular structure designation is illustrated in Figure 3.
The bonds are designated by letters (a–k) and the
bond angles are designated by numbers (1–15).

Bonds a–f belong to the aromatic ring. Bonds c
and d have the largest deviation because the differ-
ences in the compounds are mainly at the 7-position
in Figure 1. Compared with the bonds in the aro-
matic ring, the bonds g–j, which show large bond
alternations, do not show much deviation among
the aminocoumarin derivatives.

The bonds a–f in ethanol are elongated in all of
these compounds compared with those in the gas
phase. However, the solvent effect on the aromatic
ring in 2 is small compared with other compounds.
The dipole moment of the amino group is reduced
by the formation of the pyrrolyl ring. This leads to
a reduction in the solvent effect on the aromatic
ring of the coumarin moiety in polar solvents. The
bond alternations in bonds g–k are reduced in eth-
anol.

The bond angles have a smaller deviation among
the 7-aminocoumarin derivatives and the solvent
effect is small as well. The sum of the bond angles
around the nitrogen atom in 1 is 345.5° in the gas
phase. The amino group in 1 is pyramidal and not

FIGURE 2. Chemical structures of the 7-aminocou-
marins: (1) Coumarin 120, (2) 7-(1H-pyrrol-1-yl)-4-meth-
yl-2H-1-benzopyran-2-one, (3) 10H-4-methyl-2H-2-ox-
opyrano[5,6-b] carbazole.
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planar as in the other compounds. In spite of the
planar structure around the nitrogen, 2 has a
twisted structure. The pyrrolyl group plane and the
coumarin moiety plane have a dihedral angle of
28.1° and 30.8° in the gas phase and in ethanol,
respectively.

THE EXCITED STATES OF
7-AMINOCOUMARIN DERIVATIVES

The calculated excitation energy and the observed
absorption spectra in Ref. [1] are shown in Figure 4.
Figures 4(a)–(c) correspond to the calculated results of
compounds 1, 2, and 3, respectively. Overall, the spec-
tral shapes of the calculated results obtained utilizing
TDDFT and PCM agree very well with the experi-
mental absorption spectra obtained in ethanol. To
study in detail the difference in the absorption spectra
among the three compounds, we chose the first seven
states for 1 and 10 states for 2 and 3 that contribute to
the absorption spectra. The occupied orbitals of the
7-aminocoumarin derivatives are designated by 1, 2,
3, . . . , from the highest one down, and the unoccu-
pied orbitals by 1�, 2�, 3�, . . . , from the lowest one up.

TABLE I ______________________________________________________________________________________________
Optimized geometry of the 7-aminocoumarin derivatives.

1 2 3

Gas Ethanol Gas Ethanol Gas Ethanol

Bond length (Å)
a 1.409 1.416 1.408 1.411 1.406 1.411
b 1.383 1.383 1.385 1.388 1.390 1.392
c 1.414 1.423 1.408 1.411 1.427 1.433
d 1.401 1.409 1.396 1.399 1.392 1.397
e 1.391 1.391 1.394 1.395 1.392 1.393
f 1.412 1.414 1.410 1.410 1.421 1.423
g 1.448 1.445 1.453 1.454 1.453 1.452
h 1.360 1.368 1.358 1.363 1.358 1.365
i 1.452 1.444 1.455 1.449 1.453 1.447
j 1.400 1.391 1.399 1.391 1.396 1.388
k 1.363 1.371 1.362 1.368 1.365 1.372

Bond angle (°)
1 116.9 116.7 117.2 117.1 118.6 118.5
2 121.8 121.7 121.6 121.6 120.3 120.1
3 120.4 120.7 120.0 120.1 119.2 119.5
4 118.9 118.5 119.7 119.7 122.1 121.9
5 119.9 119.8 119.6 119.4 117.2 117.1
6 122.1 122.6 121.9 122.2 122.6 123.0
7 116.4 117.8 125.8 125.8 125.0 125.1
8 116.3 117.6 125.8 125.6 109.8 109.6
9 112.8 114.3 108.4 108.6 125.1 125.2

Sum (7–9) 345.5 349.7 360.0 360.0 360.0 360.0
10 118.2 118.4 118.1 118.3 117.7 117.8
11 118.8 118.8 118.6 118.5 119.0 119.0
12 123.1 122.6 123.3 122.9 123.2 122.8
13 116.0 116.9 116.0 116.8 116.0 116.8
14 122.3 122.2 122.2 122.0 122.6 122.4
15 121.6 121.2 121.8 121.7 121.5 121.2

FIGURE 3. Designation of bonds and bond angles of
the 7-aminocoumarins.
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The Excited States of 1

The molecular orbitals of 1 are illustrated in Figure
5(a). The main configurations of the obtained excited
states are shown in Table II. The calculated excitation
energies and the oscillator strength are listed in Table
III. The first excited state of 1 results from the 1
(HOMO)3 1� (LUMO) transition, where orbital 1 is a
� orbital and 1� is a �* orbital. This state has a large
oscillator strength, thus we have assigned this state to
the first peak located near 28,000 cm�1 in the experi-

mental spectrum in Figure 4(a). The excitation energy
in ethanol is 3.71 eV, which is 0.20 eV higher than the
experimental value. Consideration of the solvent ef-
fect leads to a large red shift of 0.28 eV for this �3 �*
excited state.

The next two excited states are both described by
1 3 2� (next LUMO) and 2 (next HOMO) 3 1�
transitions, where 2 is a � orbital and 2� is a �*
orbital. The oscillator strength of the second state is
smaller than that of the third state. In studies of the
excited states of polyacenes [37–39], the electric di-
pole transition moment vectors for the one-electron
23 1� and 13 2� transitions are similar in magni-
tude and parallel in their orientation. These two
transitions give rise to the pseudoparity-forbidden
1B3u

� state with lower excitation energy and a di-
pole-allowed 1B3u

� state with higher excitation en-
ergy. The two transition moments cancel each other
in the lower state and add up in the higher state.
The excited states of compound 1 show a similar
tendency to the polyacene case. These � 3 �* ex-
cited states show red shifts because of ethanol, as in
the first excited state.

The fourth excited state has a different character
compared with the other excited states. The excita-
tion energy shows a strong blue shift, because this
excited state is described as the 4 3 1� transition,
where 4 is the orbital of the lone pair electrons of
the oxygen atom of CAO. The stabilization of the
lone pair because of the solvent increases the exci-
tation energy.

The main configurations of the fifth and sixth
excited states are 3 3 1� and 1 3 3� transitions,
where 3 is a � orbital and 3� is a �* orbital. As in the
second and third states, the latter has a larger os-
cillator strength. These two states are shifted to the
red in ethanol like the other � 3 �* excited states.
We have assigned this sixth state to the second peak
of the observed absorption spectrum found in the
range 43,000–44,000 cm�1. The seventh state has
the largest oscillator strength of 0.7454 in ethanol.
We have assigned this to the third peak near 39,000
cm�1. This state is described as the 2 3 2� transi-
tion. We have obtained the excitation energy of 6.21
eV in ethanol.

The Excited States of 2

The molecular orbitals of 2 are illustrated in Fig-
ure 5(b). Tables IV and V list the main configura-
tions of the calculated excited states and the calcu-
lated excitation energies with the oscillator
strengths, respectively. Among the molecular orbit-

FIGURE 4. The absorption spectra of the 7-amin-
ocoumarins: (a) 1, (b) 2, and (c) 3. The lines show the
calculated excitation energies and the curves are the
absorption spectra observed in Ref. [1].
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als found in Table IV, molecular orbital 5 is the lone
pair of the oxygen atom of CAO, while 4, 3, 2, and
1 are � orbitals and 1�, 2�, and 3� are �* orbitals. The
� 3 �* excited states of 2 show a smaller red shift
compared with 1. This is due to the small solvent
effect on the aromatic ring of the coumarin moiety.

The HOMO, or 1, is localized on the pyrrolyl
ring. The character of 1 has changed dramatically
compared with 1, which has a delocalized � char-
acter. This results in a large decrease in the oscilla-
tor strength of the first � 3 �* excited state of 2,
described by the 13 1� transition. This explains the

low fluorescence found in 2 [1]. The change in 1 also
has an influence on the other excited states.

The next HOMO, or 2, has a similar character to
the HOMO in 1, and molecular orbital 3 of 2 has a
similar character to the next HOMO in 1. The tran-
sition 2 3 1�, which corresponds to 1 3 1� in 1,
gives rise to an excited state with a strong oscillator
strength of 0.5764 in ethanol. This second excited
state of 2 is assigned to the first peak obtained in the
observed spectrum shown in Figure 4(b), located
near 30,000 cm�1. The excitation energy calculated
using TDDFT was 3.77 eV in ethanol, which agrees

FIGURE 5. Molecular orbitals of the 7-aminocoumarins: (a) 1, (b) 2, and (c) 3. The orbital energies are given in pa-
rentheses. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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with the experimental data. The third state with a
�3 �* character comes from transitions 33 1� and
23 2�, which cancel each other and lead to a small
oscillator strength. This state corresponds to the
second excited state of 1, described by transitions
2 3 1� and 1 3 2�.

The fourth excited state has a large blue shift of
0.24 eV. The nature of this state is n3 �*. The fifth,
sixth, and seventh excited states are �3 �* excited
states. The fifth state is described by the transition 1
3 2�, the sixth state by 2 3 2�, 4 3 1�, and 3 3 1�,
and the seventh state by 43 1�, 23 2�, and 33 2�.
The excitation energies for the fifth, sixth, and sev-
enth excited states are 4.77, 4.86, and 5.10 eV, re-
spectively. One-electron transitions 13 3� and 23
3� give rise to the eighth and ninth excited states
with � 3 �* character. The latter have smaller
oscillator strength than the former. The excitation
energies of the eighth and ninth excited states are

predicted to be 5.10 and 5.23 eV, respectively. We
have assigned the seventh and ninth excited states
to the second peak of the observed absorption spec-
trum near 42,000 cm�1. The tenth excited state is a
� 3 �* excited state with large oscillator strength.
The excitation energy was found to be 5.87 eV in
ethanol and arises from the transitions 33 2� and 4
3 2�. The tenth state was assigned to the peak
above 46,000 cm�1. This state corresponds to the

TABLE II _____________________________________
Main configurations in the excited states of 1
obtained using TDDFT.

State Singlet transitions Coefficients

11A 1 3 1� 0.641
21A 2 3 1� 0.591

1 3 2� –0.353
31A 1 3 2� 0.531

2 3 1� 0.326
41A 4 3 1� 0.661
51A 1 3 3� 0.521

3 3 1� –0.430
61A 3 3 1� 0.460

1 3 3� 0.351
71A 2 3 2� 0.557

TABLE III ____________________________________
Calculated singlet excitation energies (eV) of 1.

State TDDFT (Gas) TDDFT (Ethanol) Experiment

11A 4.03 (0.3234) 3.71 (0.4138) 3.51a

21A 4.48 (0.0012) 4.39 (0.0041)
31A 5.02 (0.0393) 4.80 (0.0667)
41A 4.54 (0.0001) 4.82 (0.0045)
51A 5.51 (0.0130) 5.35 (0.0555)
61A 5.95 (0.1398) 5.73 (0.1960)
71A 6.31 (0.5517) 6.21 (0.7454)

The oscillator strengths are given in parentheses.
a Ref. [1].

TABLE IV ____________________________________
Main configurations in the excited states of 2
obtained using TDDFT.

State Singlet transitions Coefficients

11A 1 3 1� 0.696
21A 2 3 1� 0.657
31A 3 3 1� 0.626

2 3 2� –0.229
41A 5 3 1� 0.673
51A 1 3 2� 0.689
61A 2 3 2� 0.487

4 3 1� –0.389
3 3 1� –0.243

71A 4 3 1� 0.482
2 3 2� 0.307
3 3 2� 0.221

81A 1 3 3� 0.598
2 3 3� –0.313

91A 2 3 3� 0.547
1 3 3� 0.294

101A 3 3 2� 0.579
4 3 2� 0.203

TABLE V _____________________________________
Calculated singlet excitation energies (eV) of 2.

State TDDFT (Gas) TDDFT (Ethanol) Experiment

11A 3.57 (0.0012) 3.56 (0.0019)
21A 3.89 (0.4488) 3.77 (0.5764) 3.77a

31A 4.36 (0.0012) 4.32 (0.0016)
41A 4.44 (0.0019) 4.68 (0.0015)
51A 4.75 (0.0036) 4.77 (0.0067)
61A 4.89 (0.0493) 4.86 (0.0647)
71A 5.20 (0.0546) 5.10 (0.1248)
81A 5.26 (0.0024) 5.20 (0.0100)
91A 5.35 (0.1476) 5.23 (0.1447)
101A 5.89 (0.1857) 5.87 (0.5190)

The oscillator strengths are given in parentheses.
a Ref. [1].
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seventh excited state of 1 dominated by the 2 3 2�
transition.

The Excited States of 3

The molecular orbitals of 3 are illustrated in Fig-
ure 5(c). The main configurations of the calculated
excited states and the calculated excitation energies
with the oscillator strengths are listed in Tables VI
and VII, respectively. Among the molecular orbitals
found in Table VI, V is the lone pair of the oxygen
atom of CAO, while 4, 3, 2, and 1 are � orbitals and
1�, 2�, 3�, and 4� are �* orbitals. The �3 �* excited
states of 3 show strong red shifts, as in 1.

We found that the first four calculated � 3 �*
excited states have a high oscillator strength. The
first peak of the observed absorption spectrum near
27,000 cm�1 shown in Figure 4(c) is assigned to the
first two excited states calculated using TDDFT.
The first excited state is described by transitions 1
3 1� and 2 3 1�, while the second is described by
23 1�, 13 2�, and 13 1�. The obtained excitation
energies for the first and second states are 3.46 and
3.65 eV, respectively. The excitation energy calcu-
lated using TDDFT agrees well with the experimen-
tal value of 3.40 eV. The third excited state is dom-

inated by the 1 3 2� transition. The excitation
energy in ethanol is 4.20 eV. This state is assigned to
the second peak in the experimental absorption
spectrum near 32,500 cm�1. Transition 23 2� gives
rise to the fourth excited state. The excitation en-
ergy calculated using TDDFT was 4.53 eV in etha-
nol. We have assigned this state to the third peak of
the experimental absorption spectrum near 36,000
cm�1.

In the excited states of 3, the � orbitals 1 and 2
have similar orbital energies, and both orbitals have
delocalized � structure along the long �-conjugated
systems that have the same number of nodes in the
� orbital. The elongation of the �-conjugated net-
work leads to the mixing of transitions 1 3 1� and
23 1� found in the first and second excited states of
3, which was not seen in the excited states of 1 or 2.
The two transitions do not cancel each other, thus
the first two excited states in 3 both have a high
oscillator strength. Transition 1 3 2� does not pair
with 2 3 1�, which has a similar magnitude of
electron transition dipole moment vector with a
parallel orientation. The cancellation found in the
excited states of 1 and 2 does not occur because the
orbital energy difference is large. This leads to the
large transition dipole moment to the third excited
state. The 2 3 2� transition with a large transition
dipole moment is lower in energy than for 1 and 2
(3 3 2� in the case of 2) because orbital 2 has a
similar orbital energy to HOMO. This explains the
origin of the two peaks in the range 30,000–40,000
cm�1, which were not seen in the other 7-amin-
ocoumarin derivatives.

TABLE VII ____________________________________
Calculated singlet excitation energies (eV) of 3.

State TDDFT (Gas) TDDFT (Ethanol) Experiment

11A 3.71 (0.0060) 3.46 (0.1043) 3.40a

21A 3.79 (0.2584) 3.65 (0.3005)
31A 4.37 (0.2066) 4.20 (0.3721)
41A 4.63 (0.5154) 4.53 (0.4520)
51A 4.48 (0.0000) 4.73 (0.0000)
61A 4.94 (0.0049) 4.75 (0.0054)
71A 5.20 (0.0407) 5.08 (0.1359)
81A 5.37 (0.1444) 5.32 (0.2682)
91A 5.48 (0.0188) 5.34 (0.1668)
101A 5.57 (0.3336) 5.41 (0.1297)

The oscillator strengths are given in parentheses.
a Ref. [1].

TABLE VI ____________________________________
Main configurations in the excited states of 3
obtained using TDDFT.

State Singlet transitions Coefficients

11A 1 3 1� 0.626
2 3 1� –0.253

21A 2 3 1� 0.600
1 3 2� –0.217
1 3 1� 0.217

31A 1 3 2� 0.622
41A 2 3 2� 0.609
51A 5 3 1� 0.677
61A 3 3 1� 0.630
71A 4 3 1� 0.510

1 3 3� –0.417
81A 2 3 3� 0.437

3 3 2� –0.335
1 3 3� 0.290

91A 4 3 1� 0.420
1 3 3� 0.385
2 3 3� –0.279

101A 3 3 2� 0.501
2 3 3� 0.313
2 3 4� –0.203
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The fifth excited state is an n 3 �* excited state
with a strong blue shift. The next � 3 �* state is
located just above the fifth excited state. This sixth
excited state has a main configuration of 3 3 1�,
with a small oscillator strength like the fifth state.
We have assigned the next four � 3 �* excited
states to the peak observed in the range 40,000–
50,000 cm�1 in the experimental absorption spec-
trum. The excitation energies of the seventh, eighth,
ninth, and tenth excited states are 5.08, 5.32, 5.34,
and 5.41 eV, respectively. The seventh state consists
of transitions 4 3 1� and 1 3 3�, the eighth state
consists of 33 2�, 23 3�, and 13 3�, the ninth state
consists of 43 1�, 13 3�, and 23 3�, and the tenth
state consists of 3 3 2�, 2 3 3�, and 2 3 4�.

Conclusions

We have studied the low-lying excited states of
three 7-aminocoumarin derivatives employing TD-
DFT with PCM. The predicted excitation energies
and the spectral shape are in good agreement with
the observed results.

We found that the solvent effect of ethanol leads
to a red shift in the excitation energies for the � 3
�* excited states, and a blue shift for the n 3 �*
excited states. The pyrrolyl coumarin 2 shows a
small red shift compared with the other coumarin
derivatives. This is due to the small solvent effect
on the ground state structures of the aromatic ring
in the coumarin moiety.

We have elucidated the electronic structures of
the 7-aminocoumarins studied in this article.
Among the 7-aminocoumarin derivatives, pyr-
rolyl coumarin 2 has a HOMO localized on the
pyrrolyl ring while the HOMO in the other 7-ami-
nocoumarins is delocalized over the entire mole-
cule. This leads to the reduction of the oscillator
strength in the first excited state. This is consis-
tent with the experimental results, which report
that the pyrrolyl coumarins exhibit low fluores-
cence. The experimental absorption spectra of
carbazole-coumarin hybrids show two peaks in
the range 30,000 – 40,000 cm�1, which were not
seen in the other 7-aminocoumarin derivatives.
Our calculated results reproduce these peaks. The
HOMO and next HOMO of carbazole-coumarin
hybrid 3 has similar orbital energy values, be-
cause of the long � conjugation, which is specific
to carbazole-coumarin hybrids.
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