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Using time-dependent density functional theory (TD-DFT), configuration interaction single (CIS) method,
and approximate coupled cluster singles and doubles (CC2) method, we investigated the absorption spectra
of coumarin derivative dyes (C343, NKX-2388, NKX-2311, NKX-2586, and NKX-2677), which have been
synthesized for efficient dye-sensitized solar cells. The CC2 calculations are found in good agreement with
the experimental results except for the smallest coumarin dye (C343). TD-DFT underestimates the vertical
excitation energy of the larger coumarin dyes (NKX-2586 and -2677). Solvents (methanol) are found to
induce a red shift of the vertical excitation energies, and their effects on the molecular geometry and the
electronic structure are examined in detail. The deprotonated form of coumarin is also investigated, where a
blue shift of the vertical excitation energies is observed.

I. Introduction

Dye-sensitized solar cells (DSSC) have been vigorously
studied as an alternative to the solid-state photovoltaic cells since
Grätzel et al. reported high conversion efficiency using a Ru
complex photosensitizer.1 Organic dyes, which are available at
a low cost, have also been actively studied due to their large
absorption coefficients in theπ-π* transitions. In DSSCs, the
dye is present as a monolayer at the interface between a wide
band gap semiconductor electrode such as TiO2 and ZiO and a
redox electrolyte such as I-/I3

-. The DSSC process is initiated
by absorption of photons by the dye. The electronic excitation
induces a quick injection of the electrons into the semiconductor
electrode. The oxidized dye then accepts an electron from the
I- redox mediator and further oxidizes the I- to I3-. In this
process, the conversion efficiency of DSSC is primarily
determined by the electron transportation ability and the
absorption spectra in the visible region of the dye, i.e.: (1) To
accept electrons from the electrode, the energy level of the
highest occupied molecular orbital (HOMO) of the dye must
be higher than the redox potential. (2) To inject electrons into
the electrolyte, the energy level of the lowest unoccupied
molecular orbital (LUMO) of the dye must higher than the
conduction band of the semiconductor. (3) To obtain an efficient
charge separation, the excited states must have a charge-transfer
nature from the electrode side to the electrolyte side. (4) To
absorb more photons from the sun, the dye must have broad
absorption spectra in the visible region.

In this paper, we study the molecular structure and the
electronic properties of the ground and lowestπ-π* excited
state for a series of coumarin derivatives, C343, NKX-2388,
NKX-2311, NKX-2586, and NKX-2677 (Scheme 1), with and
without the solvent effects. The series of NKX-xxxxseries of
molecules, recently synthesized by Hara et al.,2-4 have been
reported as useful candidates for organic dyes for an efficient
DSSC. NKX-2677, for example, has shown the highest conver-

sion efficiency (7.4%) among the other organic dye photosen-
sitizers. It is notable that this conversion efficiency is comparable

SCHEME 1: Molecular Structures of C343, NKX-2388,
NKX-2311, NKX-2586, and NKX-2677
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to the conversion efficiency of the DSSCs based on Ru complex
photosensitizers.5-7

Despite the intensive industrial interest in these coumarin
derivatives, to our best knowledge, theoretical studies still re-
main rather few. There have been theoretical reports on rela-
tively smaller coumarins.8-16 These studies showed that
TD-DFT17 reproduces the experimental electronic transitions
independently of the chemical environment and substitutions
of the coumarin. Moreover, statistical corrections based on a
linear regression improved the agreement11,14 with the experi-
mental values. Moreover, these studies indicate that the vi-
bronic,12,13 basis sets, and state-specific treatment of solvent
effect15 could also be significant, which is not addressed here.
In this study, we employ the CC2 method,18 which is a reliable
approach to incorporate the electron correlation effects,19,20and
compare the CC2 results with the TD-DFT results. The
reliability of TD-DFT for treating coumarin dyes is discussed.
Furthermore, the chemical environments and substitution effect
on the excitation properties of the coumarin dyes are investi-
gated, which is essential for designing highly efficient solar cells.

II. Computational Details

We have considered three different chemical environments
to analyze the solvent and deprotonation (-COOH to-COO-)
effects in the coumarin dyes: (1) the-COOH form in the gas
phase, (2) the-COOH form in methanol solution, and (3) the
-COO- form in methanol solution (-COOH and-COO-

denote the carboxyl and carboxyl-anion group, respectively).
Solvent effects were included by the polarizable continuum
model (PCM).21

Geometry optimizations of the coumarin dyes (Scheme 1)
in the ground state have been performed at the B3LYP/
6-31G(d,p) level. Vibrational frequency calculations also have
been performed to confirm the stability of the optimized geom-
etries. The vertical excitation energies and oscillator strengths
were calculated at these geometries in each chemical environ-
ment using TD-DFT with the 6-31+G(d,p) basis set,22-25 the
CIS with the 6-31+G(d,p) basis set, and the CC2 with the
SV(P)26 basis set. The oscillator strengths were calculated by
the dipole approximation. The resolution of the identity approx-
imation was used in the CC2 calculations (RI-CC2).27 Solvent
effects were taken into account by the PCM of nonequilibrium
solutions28 in the CIS and TD-DFT calculations. The CC2
excitation energies in solution were estimated by adding the
difference between the CIS and PCM-CIS excitation energies.

The geometry optimizations, the TD-DFT and the CIS
calculations were all performed with the GAUSSIAN03 suite
of programs.29 The CC2 calculations were performed with the
TURBOMOLE program package.30 Unless otherwise stated, the
default settings have been used (for example, the pruned grids
for DFT, thresholds for convergence of the geometry optimiza-
tions and the self-consistent fields).

III. Results and Discussion

A. Ground-State Optimized Geometries.For each coumarin
dye, the optimized geometries are found to be nearly planar
and syn conformation with respect to the nitrogen atom of the
unsaturated rings. For NKX-2388, -2311, and -2586 coumarin
dyes, two different stable structures are located, namely, cis and
trans isomers at the single bond (s-cis and s-trans isomers)
between the coumarin moiety and the methine group. Table 1
shows the relative energies of the two isomers at the B3LYP/
6-31G(d,p) level for NKX-2388, -2311, and -2586 coumarin
dyes. For NKX-2311 and -2586 coumarin dyes, the relative

energies of the two isomers are very small, within 0.8 kcal/
mol. For NKX-2388 coumarin dye, however, the s-cis isomers
are more stable than the s-trans isomers by 6.3, 2.4, and 2.9
kcal/mol for the-COOH form in the gas phase, the-COOH
form in methanol, and the-COO- form in methanol, respec-
tively.

The zero-point energies of the NKX-2311 coumarin dye are
obtained as 293.02, 291.19, and 283.81 kcal/mol for the s-cis
isomer and 293.01, 291.23, and 283.87 kcal/mol for the s-trans
isomer for the-COOH form in the gas phase, the-COOH
form in methanol solution, and the-COO- form in methanol
solution, respectively. Because the zero-point energies of the
two isomers are virtually equal, the zero-point correction does
not alter the relative energies of the two isomers.

In the previous study,2 the s-cis isomer has been suggested
to be more stable than the s-trans isomer due to the steric
repulsion between the oxygen atom of the CdO group in the
coumarin moiety and the nitrogen atom of the-CtN group.
The present result supports this suggestion for NKX-2388. It is
interesting, however, that the steric repulsion seems unimportant
for the larger coumarin dyes with a longer polymethine chain.

Figure 1 shows the optimized geometries of the s-cis and
s-trans isomers of the NKX-2311 coumarin dye in each chemical
environment. The solvent effect is found to reduce the bond
alternation of theπ-conjugated chain including the-C-O-
CdO group in the coumarin moiety. The maximum change in
the C-C bond lengths is 0.010 Å for 11C-12C in both the
s-cis and s-trans isomers. The 16N-15C bond becomes shorter
by 0.013 Å. The deprotonated form (-COO-) is found to induce
the bond alternation ofπ-conjugated chain, but the-C-O-
CdO group in the coumarin moiety remains virtually un-
changed. The maximum change in the C-C bond lengths is
0.016 Å for 11C-12C in both the s-cis and s-trans isomers
except for the carboxyl-anion (-COO-) group, which of course
drastically changes due to the deprotonation. The 16N-15C
bond becomes longer by 0.008 Å. The effect of the geometry
relaxation on the vertical excitation energies will be discussed
later.

B. Vertical Excitation Energies. To analyze the absorption
bands of the coumarin dyes, we investigate the optically active
excited states in the visible band. Table 2 shows the vertical
excitation energies and the oscillator strengths of theπ-π*
states in each chemical environment at the ground-state geom-
etries together with the experimental results2,3 for comparison.

First, we discuss the comparison of the CC2, CIS, and
TD-DFT method in calculating the excited state of these
coumarin dyes (in the gas phase). All methods reproduce the
fact that, the longerπ conjugated chain has, the lower the
vertical excitation energies. This tendency is in accord with the
experimental absorption peaks (λmax) in methanol solution. In
addition, the vertical excitation energies and oscillator strengths
of the s-cis isomers are always smaller than the s-trans isomers

TABLE 1: Relative Energies of s-Cis and s-Trans Isomer of
NKX-2388, -2311, and -2586 Coumarin Dyes (kcal/mol)

methanol solutiongas phase
-COOH -COOH -COO-

NKX-2388
s-cis 0 0 0
s-trans 6.3 2.4 2.9

NKX-2311
s-cis 0 0.7 0.6
s-trans 0.3 0 0

NKX-2586
s-cis 0.8 0.6 0.5
s-trans 0 0 0
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in each method. However, the CIS always overestimates the
vertical excitation energies and the oscillator strengths due to
the lack of electronic correlation. The CC2 calculations are
found in good agreement with the experimental results except
for C343, and the TD-DFT underestimates the vertical excitation
energies and oscillator strengths for the larger coumarin dyes,
i.e., NKX-2586, and -2677, in comparison with the experimental

results. We summarize that the CIS calculations are only
qualitative, TD-DFT calculations are quantitative except for
larger coumarin dyes, and the CC2 method should be used for
larger coumarin dyes to obtain quantitative results. Note that
there are relatively large discrepancies between the gas-phase
calculations and experimental measurements because of the lack
of solvent effects in the calculations.

It is interesting that the s-cis and s-trans isomers have different
vertical excitation energies, whereas their ground-state energies
are very close. The vertical excitation energies of the s-cis
isomers are lower than the s-trans isomers by 0.15-0.25, 0.19-
0.23, and 0.10-0.13 eV in the CC2, CIS, and TD-DFT
calculations, respectively. Figure 2 shows the HOMO and
LUMO, and their energy levels for the NKX-2311 coumarin
dye in the s-cis and s-trans isomers. On the one hand, the HOMO
has a similar nodal structure. On the other hand, the LUMO
apparently has a different nodal structure; i.e., the LUMO of
s-cis isomer has fewer nodes than that of s-trans isomer, thereby

Figure 1. Optimized geometries of the s-cis and s-trans isomers of
the NKX-2311 coumarin dye with atom numbering and selected
optimized bond lengths of the-COOH form in the gas phase (bold),
of the -COOH form in methanol solution (normal), and the-COO-

form in methanol solution (italic) at the (PCM-)B3LYP/6-31G(d,p)
level.

TABLE 2: Vertical Excitation Energies and Oscillator Strength of π-π* Excited State of Coumarin Dyes

methanolgas phase
-COOH -COOH -COO-

CC2 CIS B3LYP CC2a CIS B3LYP CC2a CIS B3LYP expb

Vertical Excitation Energy (ev)
C343 3.44 4.40 3.32 3.19 4.15 3.09 3.40 4.36 3.23 2.81
NKX-2388 (s-trans) 2.99 3.94 2.90 2.77 3.72 2.70 2.98 3.93 2.86 2.51
(s-cis) 2.80 3.75 2.78 2.56 3.51 2.58 2.73 3.68 2.70
NKX-2311 (s-trans) 2.89 3.73 2.70 2.63 3.47 2.43 2.86 3.69 2.64 2.46,2.45
(s-cis) 2.71 3.50 2.56 2.49 3.28 2.34 2.68 3.47 2.51
NKX-2586 (s-trans) 2.81 3.53 2.50 2.52 3.24 2.21 2.77 3.49 2.44 2.45
(s-cis) 2.66 3.34 2.40 2.41 3.09 2.15 2.62 3.31 2.34
NKX-2677 2.71 3.12 2.23 2.51 2.92 1.93 2.71 3.12 2.19 2.43

Oscillator Strength (au)
C343 0.738 0.941 0.603 1.135 0.762 0.961 0.619 15.1c

NKX-2388 (s-trans) 1.064 1.446 0.937 1.646 1.170 1.497 1.033 44.2c

(s-cis) 1.004 1.238 0.867 1.430 1.082 1.279 0.947
NKX-2311 (s-trans) 1.511 2.113 1.354 2.210 1.545 2.151 1.492 51.9c

(s-cis) 1.329 1.615 1.188 1.720 1.433 1.632 1.296
NKX-2586 (s-trans) 2.007 2.751 1.709 2.751 1.884 2.768 1.903 59.1c

(s-cis) 1.740 2.129 1.547 2.245 1.780 2.089 1.675
NKX-2677 2.174 2.184 1.489 2.236 1.436 2.201 1.651 64.3c

a The CC2 excitation energies in solution were estimated by adding the difference between the CIS and PCM-CIS excitation energiesb Absorption
spectra in methanol solution (normal)2 and in tert-butyl alcohol-acetonitrile (italic).3,4 c Units of [mol/(L‚cm)]-1.

Figure 2. HOMO (π orbital) and LUMO (π* orbital) of the s-cis and
s-trans isomers of the NKX-2311 coumarin dye.
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becoming more stable. Thus, the red shift in going from the
s-trans isomer to the s-cis isomer is due to the stabilization of
the LUMO (π* orbital).

Next, we discuss the solvent effect on the vertical excitation
energies of the-COOH form. The vertical excitation energies
of the -COOH form in methanol solution are smaller than in
the gas phase by 0.20-0.29 and 0.20-0.30 eV in the CIS and
TD-DFT calculations, respectively. This shift can be divided
into two contributions, namely, geometry relaxation and solvent
polarization effects. The effect of geometry relaxation is
evaluated by comparing the vertical excitation energies at the
ground-state geometries optimized in the gas phase and in
solution, and the effect of solvent polarization is evaluated by
comparing the vertical excitation energy in the gas phase and
solution at the same geometry optimized in solution. It is
observed that the geometry relaxation has a small contribution,
in which the vertical excitation energies of theπ-π* state are
reduced only 0.06-0.12 and 0.00-0.02 eV in the CIS and
TD-DFT calculations, respectively. In contrast, it is found that
the solvent polarization reduces the vertical excitation energies
a notable amount by 0.11-0.31 and 0.20-0.26 eV in the CIS
and TD-DFT calculations, respectively. Because theπ-π* state
has a charge-transfer nature and is more polarized than the
ground state, the excited state is more stabilized than the ground
state in solution. Therefore, we conclude that the red shift in
solution is mainly caused by the polarization of the solvent. In
the previous studies, the red shift in solution has not been
observed for a unsubstituted coumarin11 but has been observed
for some substituted coumarins.16

The vertical excitation energies in solution are in much better
agreement with the experimental measurements than those in
the gas phase. The deviations of the solvent-shifted CC2 energies
of the -COOH form from the experimental values are 0.39
(C343), 0.04, 0.26 (s-cis and s-trans of NKX-2388), 0.03, 0.17
(s-cis and s-trans of NKX-2311),-0.04, 0.07 (s-cis and s-trans
of NKX-2586), and 0.09 (NKX-2677) eV. The deviations in
the TD-DFT calculations are 0.28 (C343), 0.06, 0.18 (s-cis and
s-trans of NKX-2388),-0.12,-0.03 (s-cis and s-trans of NKX-
2311), -0.30, -0.24 (s-cis and s-trans of NKX-2586), and
-0.50 (NKX-2677) eV. Note that the-0.50 eV error for the
NKX-2677 coumarin dye is particularly lager than the others.

Last, we discuss the effect of deprotonation in going from
the -COOH to the-COO- form. The previous experimental
study2 suggested that the coumarin dyes exist in the-COOH
form in methanol solution, but in the-COO- form on the TiO2

surface. In methanol solution, the vertical excitation energies
of the-COO- form are higher than those of the-COOH form
by 0.17-0.25 and 0.12-0.27 eV in the CIS and TD-DFT
calculation, respectively. The blue shift in the-COO- form is
mainly caused by the unstabilization of the LUMO (π* orbital)
relative to the HOMO (π orbital). The energy levels of the
HOMO and LUMO become higher by 0.10-0.25 and 0.42-
0.53 eV, respectively. The blue shift in the deprotonated form
has been reported for a black dye by Nazeeruddin et al.; the
absorption bands of the black dye are blue-shifted as the pH of
the solution increased,7 i.e., by increasing the ratio of the
deprotonated form. Moreover, Hara et al. have reported that
the blue shift in the deprotonated form of the dyes was observed
in going from a methanol solution to a TiO2 surface.4

IV. Summary

Using TD-DFT, CIS, and CC2, we investigate the absorption
spectra of C343, NKX-2388, NKX-2311, NKX-2586, and NKX-
2677 coumarin dyes, which are useful candidates for use in

efficient dye-sensitized solar cells (DSSC). To analyze the
solvent and deprotonation effects, three different chemical
environments are considered. The solvent effects are taken into
account by the PCM. The CC2 calculation shows good agree-
ment with the experimental results except for C343. TD-DFT
underestimates the vertical excitation energy of NKX-2586 and
-2677. The methanol solution is found to induce a red shift in
the vertical excitation energy due to the stabilization of the
LUMO (π* orbital). In the deprotonated form, a blue shift is
observed due to the destabilization of the LUMO. We expect
that the theoretical investigation of the excited-state properties
for these coumarin dyes will help to design more efficient
functional molecules.
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