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The  electronic  structures  and  optical  absorption  spectra  of  organic  dye  sensitizers  NKX-2593  and  NKX-
2883  were  studied  by  using  density  functional  theory  (DFT),  and the vertical  excitation  energies  were
calculated  within  the  framework  of the time-dependent  DFT  (TD-DFT)  approach  both  in the  gas  phase  and
in ethanol  solution.  The  solvent  effects  provide  changes  in both  the  geometries  and  the  absorption  spectra.
Electric  fields  influence  any  process  or transition  that  involves  charge  transfer,  as  a result  of  Stark  effect.
Stark spectroscopy  is a general  expression  describing  the study  of spectral  changes  in  electric  fields,  and
ime-dependent density functional theory
oumarin dye
lectric field
lectronic structure
rganic dye

it has  been  verified  to  be a broadly  functional  approach  for  characterizing  the  change  in dipole  moment
and  polarizability  for electronic  transitions.  The  results  of  this  work  show  that  field  application,  parallel
to  the  dipole  moment,  can  be  very  effective  to  increase  DSSC  efficiency.  Our  results  open  the possibility
of  computationally  screening  the  various  predictions  on  the  electronic  structure,  optical  response  and  in
consequence  their influences  on  the  efficiency,  thus  paving  the  way  to  an  effective  molecular  engineering

itizer
of  further  enhanced  sens

. Introduction

Dye sensitizer solar cells are currently attracting extensive aca-
emic and commercial interest for the conversion of sunlight
nergy into electricity, due to their low cost of manufacturing and
igh rate of efficiency, which is one of the most promising meth-
ds for future large-scale power production from renewable energy
ources [1–7]. Dye sensitizer solar cells use dye sensitizers to absorb
he radiation from the sun and transform the photo excited electron
nto nanostructured semiconductor electrodes. The most success-
ul sensitizers employed in these cells are polypyridyl ruthenium
omplexes, which yield photon-to-current power conversion effi-
iencies of 10–11.18% in standard global air mass 1.5 sunlight
8–10].

As ruthenium is a rare metal and ruthenium-based dye sensi-
izers lack an absorption band in the long-wavelength region of
he solar spectrum, novel dyes without metal or using inexpensive
etal are desirable for dye-sensitizer solar cells [11–16].  To further
mprove the performance of DSSCs, enhancement of the sensitiz-
rs’ response in all regions of the solar spectrum is to be specially
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© 2011 Elsevier B.V. All rights reserved.

noticed. Recently, more attention has been directed to the applica-
tion of metal-free organic dyes in DSSCs because of no noble metal
resource limitation, relatively facile dye synthesis, easy molecu-
lar tailoring and easily tunable absorption properties by suitable
molecular design [11,17–22].  Reports of new organic sensitizer
design and their performance in DSSCs have been growing in the
past years, and promising device efficiencies of up to 9.8% have been
demonstrated with a donor–�–acceptor system employing a triph-
enylamine donor, a binary �-conjugated spacer, and a cyanoacrylic
acid acceptor [19,23]. However, the most favorable organic dyes
currently deliver only slightly lower efficiencies when employed
in DSSC compared to Ru(II) dyes [24].

Metal-free organic dyes used in DSSCs must have an anchoring
group (e.g., –COOH and –SO3H) to be adsorbed onto the semi-
conductor surface with a large electronic coupling. Furthermore,
suitable levels for the HOMO and the LUMO of the sensitizer match-
ing the iodine redox potential and the conduction band edge level
(Ecb) of the TiO2 electrode are also required. The HOMO level must
be more positive than the iodine redox potential, to accept elec-
trons, and to inject electrons, the LUMO level must be more negative
than the Ecb of the TiO2 electrode. Thus, the molecular structure of

the photosensitizer must be strategically designed for use in dye
sensitizer solar cell [25].

Among the metal-free organic dyes studied in DSSCs, Coumarin
derivatives have been intensively studied, both experimentally and
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http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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heoretically, and are one of the most promising dyes [26–32].  On
he basis of the concept of donor–� conjugation bridge–acceptor
tructure, Hara et al. synthesized a series of Coumarin dyes (NKX-
593 and NKX-2883) [25,33,34] by inserting various numbers of
hiophene or methine moieties as � bridge between Coumarin as
lectron donor and cyano carboxylic acid as electron acceptor. Due
o the narrow absorption area in the visible region, wide absorption
ange in the visible region for the Coumarin dye is required to attain

 solar-energy to electricity conversion with high efficiency. There-
ore, the absorption spectra of Coumarin dyes must be broadened
nd red-shifted for more efficient solar-cell performance in terms of
arvesting sunlight. The absorption spectra of Coumarin dyes could
e red-shifted by expansion of the � conjugation in the dyes and

ntroduction of electron-donating and -withdrawing substituents
nto the dye framework; such substituents can shift the levels of
he dyes’ highest occupied molecular orbitals (HOMOs) and their
owest unoccupied molecular orbitals (LUMOs) [25,29,32].

Theoretical calculations are useful not only in the description of
SSC properties, but also in the design of new higher performance

ensitizers manufactured by a change in their structure and/or
hysical properties such as temperature, solvent, and external elec-
ric field [35]. The change in the structure can be achieved by adding
r substituting various substituents. Such design investigations
ave become possible only lately, and they take an important step
oward the optimization of DSSC dyes, by means of effective and
ccurate modeling of their ground-state properties, together with

 reliable description of their excited states. Large-scale quantum
echanical calculations, able to precisely predict the electronic and

pectroscopic characteristics of the dyes, would be a really power-
ul and comparably low cost device in the beforehand design of
ovel and greatly efficient sensitizers [36].

In this paper, the molecular structure and the electronic prop-
rties of the ground and lowest �–�* excited states for a series of
oumarin derivatives, NKX-2593 and NKX-2883, are studied. The
eported Coumarin dyes absorb light weakly over 700 nm,  and little
uccess was achieved to extend photo response to the longer wave-
ength region. Therefore, efficiently harvesting incident photons
n the longer wavelength region still remains a big challenge for
oumarin dyes. A lot of researches have been conducted to remove
he problem. The most notable ones include using dye mixtures
37] and investigating substituent effects [25].

Our suggestion in the current paper to overcome this challenge
s applying an external electric field. Local electric fields could lead
o a change in the absorption spectrum due to the Stark effect. Such
lectric fields acting on ground-state dye molecules can red-shift
he absorption peak of the dye by lowering the energy gap between
he highest occupied molecular orbitals (HOMOs) and the lowest
noccupied molecular orbitals (LUMOs). It can be strongly men-
ioned that the applied field led to a red-shift for DSSCs, and, to our
urprise, there was a striking increase in the absorption coefficient.

. Computational methods

All sensitizers were optimized by the use of density-functional
heory (DFT) calculations. The DFT was treated according to
ecke’s three parameter gradient-corrected exchange potential,
ee–Yang–Parr gradient-corrected correlation potential (B3LYP)
nd the standard 6-311G (d) basis set [38–41].  The excitation ener-
ies and oscillator strengths for the two dyes at the optimized
eometry in the ground state were obtained in the framework of
D-DFT calculations with the hybrid functional B3LYP, PBE1PBE,

PW1PW91 and the 6-311G (d) basis sets [42–46].  The 30 lowest

inglet–singlet excitation energies were considered in those calcu-
ations. The electronic absorption spectrum requires calculation of
he allowed excitations and oscillator strengths. The solvent effects
hotobiology A: Chemistry 225 (2011) 95– 105

were evaluated using the non-equilibrium implementation of the
conductor-like polarizable continuum model (CPCM) [47]. Solvent
could affect the geometry, electronic structures and the related
properties of molecule. In this work we  also present the changes of
the electronic structure and optical properties induced by an exter-
nal electric field. Optimization calculations were carried out with
and without an applied electric field. Eight different fields of 5, 10,
15, . . .,  40 × 10−4 a.u., parallel to the dipole moment, were applied
on the dyes and their geometry in each field was  then optimized by
DFT, B3LYP and the 6-311G (d) basis set. All chemical quantum cal-
culations were carried out with the Gaussian03 program package
[48].

Excitation energy calculations on the optimized sensitizer were
later carried out in the corresponding electric fields at the same
level of theory. The electric field term is included in the Hamilto-
nian and results in a change in the energy of both occupied and
unoccupied levels which in situ results in a shift of transition ener-
gies.

To understand the nature and magnitude of the intramolecular
resonance over the different parts of the dyes and to calculate the
NBO conjugation stabilization energies, the natural bond orbital
(NBO) theory was  conducted on optimized geometries. NBO cal-
culations were performed using the program packages of NBO5.0
[49].

3. Results and discussion

For a proper discussion and comparison of theoretical results, it
is important to have a clear picture of our theoretical data. All of the
calculations were conducted by B3LYP/6-311G (d), MPW1PW91/6-
311G (d) and PBE1PBE/6-311G (d) methods. The calculated results
obtained at the MPW1PW91/6-311G (d) and PBE1PBE/6-311G (d)
levels were very close to each other. For clarity, the results of
MPW1PW91/6-311G (d) will be used in the discussion unless oth-
erwise stated. In this section, we present results for NKX-2593
and NKX-2883, organized in the following manner. We  first study,
in detail, the electronic structure of these two dyes in gas phase
and solvent. We  then compare various theoretical methods for the
description of the ground and excited-state electronic excitation
energies at the equilibrium geometry for NKX-2593 and NKX-2883.
Following this, we  investigate the absorption spectra and electronic
excitations between ground and excited states in the presence and
absence of solvent effects. Next, the electronic structure, absorption
spectra and excitation energy between ground and excited states
are analyzed in the presence of an applied electric field for NKX-
2593 and NKX-2883. Finally, we interpret and analyze the resulted
data.

3.1. Electronic structure

We  analyzed the electronic structure of both organic sensitiz-
ers in vacuum and in ethanol solution, which is the solvent used
to record the experimental spectra. A schematic representation of
the molecular orbital energies and isodensity plots of the fron-
tier molecular orbitals of NKX-2593 and NKX-2883 is reported in
Fig. 1.

The highest occupied molecular orbital (HOMO) of NKX-2593
and NKX-2883, both in vacuum and in solution, is delocalized
over the cyano-(thiophen) acrylic acid, with sizable components
from the cyano- and carboxylic moieties. On  the other hand,
the HOMO−1 is a �-bonding orbital delocalized over the entire

molecule, with maximum components on the thiophene and
cyanoacrylic moieties. The lowest unoccupied molecular orbital
(LUMO) is for both sensitizers a �* orbital delocalized throughout
the Coumarin moiety. The HOMO energy levels for NKX-2593 and
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Fig. 1. Frontier molecular orbitals of NKX-2593 (left) and NKX-2883 (

KX-2883 in gas phase are −5.538 and −5.597 eV and their corre-
ponding LUMO energy levels are −2.298 and −3.158, respectively.
t is remarkable to notice that the HOMO and LUMO of NKX-2883
re stabilized by 0.06 and 0.86 eV, respectively, as compared to
he corresponding NKX-2593 orbitals. As a result, the NKX-2883
OMO–LUMO gap reduces to 2.44 eV, as compared to 2.61 eV cal-
ulated for NKX-2593, with the sizable LUMO stabilization due to
he increased conjugation along the substitutes owing to the pres-
nce of a CN-group and thiophene units. Inclusion of solvent effects
oes not lead to a qualitative change in the electronic structure
icture discussed above, even though, for both dyes, as a result of
OMO unstabilization and LUMO stabilization in solution, smaller
OMO–LUMO gaps are calculated as compared to the gas phase.
e  notice that the trend of calculated HOMO–LUMO gaps is nicely

n accord with the spectroscopic data, showing a red-shift of the
bsorption maximum in going from NKX-2593 to NKX-2883.

To have a better insight into the nature and strength of

he intramolecular resonance between the different parts of the

olecule, particularly acceptor and donor moieties, for NKX-2593
nd NKX-2883 dyes, NBO analysis was conducted. Here, we employ
BO methods to evaluate the strength of �-conjugation of the dyes
sensitizers calculated at the B3LYP/6-311G (d) level in the gas-phase.

by the natural bond orbital (NBO) second order perturbation stabi-
lization energies.

The role of electronic delocalization can be quantitatively
evaluated by using the NBO procedure. The directly estimated
approach of �-conjugative stable energies using NBO second
order perturbation analysis will be very helpful to analyze the �-
conjugation strength of NKX-2593 and NKX-2883. We  evaluate
the �-conjugation stabilization strength by NBO donor–acceptor
interaction energies. The NBO donor–acceptor interaction ener-
gies are calculated on the basis of Lewis- and Pauling-like localized
structural and hybridization theories and are presented with the
classical �-conjugation concepts by a refinement of NBO analysis.
This interaction energy corresponds to the charge delocalization
due to the loss of electronic occupation from the localized Lewis
molecular orbital to the non-Lewis molecular orbital leading to
the distribution of electronic charge and therefore the perturbation
from idealized Lewis structure description.
For a characteristic conjugated �-bond network with two pairs
of conjugated � bonds, the delocalized molecular orbitals can
be pictured using the refined idealized Lewis structures by NBO
donor–acceptor interaction of �a → �∗

b
and �a → �∗

b
. According
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o the perturbation theory, the lowering energy due to �a → �∗
b

nteraction, which is also referred to as the quantum mechanical
esonance energy (denoted as QMRE), is estimated as

E(�a → �∗
b) = −qa

〈�a|f̂ |�∗
b
〉

�ε
(1)

here qa is the ath donor orbital occupancy and �ε  = εb − εa is
he energy difference of interacting NBOs and the matrix element
�a|F̂ |�∗

b
〉 is the off-diagonal element associated with the NBO Fock

atrix. The strength of �-type conjugation and its variations by
ntroducing resonance moieties can be conveniently visualized in
erms of the NBO second order perturbation stabilization energies

E(�a → �∗
b
) and the charge transfer from �a to �∗

b
. The sum of

tabilization energies, that is, �E�a → �∗
b

+ �E�b → �∗
a is chosen

s an indicator of the degree of the �-conjugation. As mentioned
bove, to prove the reliability of QMRE as a criterion of �-
onjugative strength, we studied the change of �-conjugation due
o the introduction of conjugated functional groups and changes
n physical properties. According to NBO donor–acceptor interac-
ion theory, the charge occupancy of the �* NBO also indicates the
trength of �-conjugation [50–52].

The QMRE sums drastically rise up with the �-conjugation
ncrease from NKX-2593 to NKX-2883. The stabilization energies
orresponding to second order perturbation energy are 2007.21
nd 2461 kcal/mol in gas phase and 2027 and 2467 kcal/mol in solu-
ion for NKX-2593 and NKX-2883, respectively. As it can be easily
bserved, as a result of the introduction of CN and thiophene to the
ye NKX-2883 there is an increased resonance and stabilization

n the molecule, verified by QMRE corresponding to second order
erturbation.

.2. Electronic excitations and absorption spectra

In experimental studies of Hara et al., because of the pres-
nce of extra CN and thiophene moieties in NKX-2883, it showed
bsorption band in 552 nm,  which considerably red-shifted com-
ared to that of NKX-2593 lying in 510 nm.  To gain insight into
he excited states, TD-DFT excited state calculations using three
inds of hybrid functional B3LYP, MPW1PW91, and PBE1PBE and
-311G (d) basis set are carried out on the 30 lowest spin-allowed
inglet–singlet transitions for NKX-2593 and NKX-2883 dyes in
acuum and solvent [53]. The TD-DFT simulated absorption spectra
f the Coumarin NKX-2593 and NKX-2883 are indicated in Fig. 2.
he top panel shows the spectra calculated in the gas phase, and
he lower one shows the spectra obtained in ethanol solution. The
ontributions of the excited state configurations to all transitions
ere calculated using SWizard program [54].

As it can be observed in Fig. 2, compared with the results of
xperiment, the results of TD-DFT in solvent are consistent with
xperimental data. By comparing the experimental spectrum with
he calculated absorption spectrum of the NKX-2593 and NKX-
883 in ethanol solution, we notice that there is a good agreement
etween theory and experiment both in terms of band positions
nd relative intensity. It is strongly to be noted that the calculated
scillator strengths of molecular orbital transitions do not always
atch the experimental absorbance, the relative intensities of the

bsorption bands for these compounds are capable of being used as
nly a qualitative reference rather than a quantitative index. Com-
uted vertical energy gaps in the gas phase and ethanol, obtained
y the use of three kinds of hybrid functional B3LYP, MPW1PW91,
nd PBE1PBE, are shown and compared to experimental absorption
and maxima in ethanol solution in Table 1.
Compared with experimental data, the results of the calcula-
ions imply that the hybrid functional PBE1PBE and MPW1PW91
re more suitable than B3LYP for calculating electronic absorp-
ion spectra of Coumarin dyes NKX-2593 and NKX-2883 [55]. Since
hotobiology A: Chemistry 225 (2011) 95– 105

there is not a major difference in the gained results for the hybrid
functional PBE1PBE and MPW1PW91 for the two  dyes applied in
this paper, the hybrid functional MPW1PW91 is used.

NKX-2593 and NKX-2883 showed a maximum absorption in gas
phase at 507.9 and 532.90 nm,  respectively. These two  peaks cor-
respond to the lowest-energy excitation from HOMO to LUMO. The
lowest transitions for NKX-2593 and NKX-2883 were calculated in
gas phase at 2.87 eV and 2.69 eV, respectively, corresponding to a
charge-transfer (CT) excitation from the aniline-based HOMO to
the LUMO localized on the thiophene–cyanoacrylate moieties.

The wavelengths, oscillator strengths, transition energies and
molecular orbital excitations for the most relevant transitions of
NKX-2593 and NKX-2883 were obtained through TD-DFT calcu-
lations in ethanol, which was often used as solvent in previous
experimental research works. The solvent–solute interaction has
been included at the structural level through geometry optimiza-
tion of NKX-2593 and NKX-2883 dyes within the CPCM model, and
also at the electronic structure level, incorporating the environ-
ment effects in the computation of the ground and excited states.
Calculated maximum absorptions in ethanol solution, compared
to the gas phase, show a red-shift in all methods. For the dye NKX-
2593 calculated in ethanol solution, the maximum absorption peak
of the spectrum appears at 582.93 nm,  a 75-nm red shift from the
gas-phase spectrum. And for NKX-2883, calculated by the CPCM
model, in ethanol solution, the maximum absorption peak turned
out to be at 596.99, showing a red-shift of 64 nm.  There was an
increase observed in the oscillator strength of the lowest-energy
excitation from 1.7236 to 1.7510.

Since the absorption band in visible and near-UV region is the
most important region for photo-to-current conversion, only the
singlet–singlet transitions of the absorption bands with the wave-
length longer than 300 nm,  and transition energies in gas and
solvent phases are listed in Table 2.

As shown in Table 2, for example, there is an absorption
band for NKX-2593 in 391.7 nm,  in the gas phase, which is a
mixture of HOMO−1 → LUMO (58%) and HOMO → LUMO+1 (41%)
transitions with oscillator strength of 0.4212, whereas, for NKX-
2883 the absorption band is found in 433.2 nm,  a mixture of
HOMO → LUMO+1 (62%) and HOMO−1 → LUMO (35%) transitions
with oscillator strength of 0.5644.

TD-DFT can be an appropriate method to calculate maximum
absorption and oscillator strength. So, new structures can be sug-
gested and we  can then theoretically investigate how maximum
absorption and oscillator strength increase can affect their effi-
ciency.

3.3. Electric fields and the dyes

Coumarin dyes have a trivial absorption in long wavelengths and
little success has been achieved to promote their photon-to-current
respond. Besides, these dyes show a narrow absorption peak, which
is regarded as one of their prominent disadvantages. One of the
essential factors to increase the efficiency of dye sensitizer solar
cells is to broaden and red-shift their absorption bands. To do this, a
lot of attempts, such as a �-conjugation increase by adding methine,
thiophene and cyanide moieties, have been done [25]. Enhance-
ment of maximum absorption oscillator strength, broadening their
peaks and their red-shift are factors of importance in increasing
the dye sensitizer solar cell efficiency, which still remains as a big
challenge. To observe whether local electric field can broaden and
red-shift maximum absorption peaks, in the current study, elec-
tric fields of different strength, 5, 10, . . .,  40 × 10−4 a.u., parallel to

the dye dipole moment were applied. The excitation energy in the
presence of static external electric field depends on the changes in
dipole moment and polarizability during excitation process. Local
fields change the transition moment between ground and excited
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ig. 2. Simulated absorption spectra of NKX-2593 and NKX-2883 in the gas phase
unctional B3LYP, MPW1PW91, and PBE1PBE/6-311G (d) levels (there is not a diffe
ands  overlay each other).

tates and, therefore, affect the transition allowance and strength.
he results show that the dipole moment of the dye increases by

ncreasing local field in the same direction. Application of local elec-
ric fields and changing the strength of the applied fields influence
he absorption spectrum, due to Stark effect [56].

able 1
aximums of absorption spectra (�max) of NKX-2593 and NKX-2883 in the gas phase and e
PW1PW91, and PBE1PBE/6-311G (d) levels and their comparison with experimental da

TD-DFT

Gas phase 

Dye B3LYP PBE1PBE MPW1PW91 

NKX-2593 530.05 508.11 507.85 

NKX-2883 558.14 532.93 532.90 
 and ethanol solution (bottom) calculated by TD-DFT at the three kinds of hybrid
in the gained results for the hybrid functional PBE1PBE and MPW1PW91 and their

Stark spectroscopy is a general expression describing the study
of spectral changes in electric fields, and it has been verified to be a

broadly functional approach for characterizing the change in dipole
moment and polarizability for electronic transitions. A change in
dipole moment causes a linear dependence on the applied electric

thanol solution calculated by TD-DFT at the three kinds of hybrid functional B3LYP,
ta.

Ethanol solution

B3LYP PBE1PBE MPW1PW91 Expe
611.21 583.30 582.93 510
629.77 597.37 596.99 552
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Table 2
Selected excitation energies (nm) and oscillator strengths for the optical transitions between 350 and 600 nm of the absorption spectra of the NKX-2593 and NKX-2883
sensitizers calculated by TD-DFT at the MPW1PW91/6-311G (d) level.

Gas phase Ethanol solution

E f Composition E f Composition

NKX-2593
507.9  0.6672 H → L (+99%) 582.9 0.8166 H → L (+99%)
391.7  0.4212 H−1 → L (+58%) 412.0 0.5160 H−1 → L (+63%)

H  → L+1 (41%) H → L+1 (36%)
354.6  0.0655 H−2 → L (+84%) 375.7 0.5408 H → L+1 (+62%)

H  → L+1 (+6%) H−1 → L (+36%)
353.5  0.3542 H → L+1 (+50%) 371.5 0.0025 H−2 → L (+96%)

H−1  → L (+36%)
H−2 → L (10%)

316.0 0.0599 H−1 → L+1 (+71%) 318.4 0.0345 H−3 → L (+59%)
H−3  → L (+22%) H−1 → L+1 (+30%)

H−4 → L (+9%)
NKX-2883

523.9  1.7236 H → L (+98%) 597.0 1.7510 H → L (+97%)
433.2  0.5644 H → L+1 (+62%) 459.4 0.6678 H → L+1 (+64%)

H−1  → L (35%) H−1 → L (32%)
397.0  0.0519 H−1 → L (+64%) 427.3 0.1070 H−1 → L (+66%)

H  → L+1 (+35%) H → L+1 (+34%)
355.9  0.0839 H−1 → L+1 (+80%) 362.7 0.0082 H−2 → L (+58%)

H−2  → L (+11%) H−2 → L+1 (+28%)
H−2 → L+1 (+11%)

352.8  0.0280 H−2 → L (67%) 362.2 0.0499 H−1 → L+1 (+62%)
H−2  → L+1 (+16%) H−2 → L (23%)
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H−1  → L+1 (11%) 

eld while a change in polarizability gives a quadratic field depen-
ence of the excitation energy [57–62].  The change in transition
requency resulted by an external electric field is given by [63]

� = −� ��.�E − 1
2

�E.�˛.�E (2)

here � �� is  the change in dipole moment and �˛ is the change
n polarizability between the ground and excited states of the

olecule. From Eq. (2),  one distinguishes first- and second order
tark effects, which are, respectively, linear and quadratic in the
lectric field.

Excitation energy (�max) between the ground and excited
tates in the presence of electric fields of different strength
f 5, 10, 15, . . .,  40 × 10−4 a.u. was plotted versus electric
eld strength. The data were then fitted with the equation

 = aX2 + bX + c with a well acceptable regression coefficient. By
he use of this equation, the change in dipole moment and
olarizability between ground and excited states can be simply
alculated. � ��  and �˛  were calculated to be 12.32 Debye and
19.95 a.u. for NKX-2593, which were extracted from equation

 = − 2.638 × 10−39X2 − 4.11 × 10−29X + 3.93 × 10−19 with a regres-
ion coefficient of 0.999 and the same values for NKX-2883, upon
he calculations, were found to be 3.1 Debye and 345.88 a.u., respec-
ively for dipole moment and polarizability, extracted from equa-
ion Y = − 2.027 × 10−39X2 − 1.034 × 10−29X + 3.75 × 10−19 with a
egression coefficient of 0.998. Since the change in dipole moment
nd polarizabilty between ground and excited states can be deter-
ined by other methods [62,64],  for each other system it is possible

o evaluate frequency changes upon using given data for � �� and
 ̨ and putting the different values for field strength in Eq. (2).

hese kinds of evaluations can be expanded to spectral studies of
ther sensitizers.

.3.1. Electronic structures in local electric fields

Electric fields affect any process or transition that involves the

ovement of charge, as a result of Stark effect. Electronic struc-
ure analysis was conducted for both sensitizers in the local electric
eld of 10 × 10−4 a.u. HOMO energy, in gas phase and the local
H−2 → L+1 (6%)

electric field of 10 × 10−4 a.u., is −5.48 for NKX-2593 and −5.51 eV
for NKX-2883, which is unstabilized, compared to the off-field
condition, by values of 0.107 and 0.225 eV respectively. Also, the
calculated energies for LUMO in the presence and absence of the
local field are respectively −3.03 and −2.93 eV for NKX-2593 and
−3.38 and −3.16 eV for NKX-2883. As it can be simply understood,
the reduction of the HOMO–LUMO gap is basically due to stabiliza-
tion of the LUMO energy in presence of a local electric field. Also,
the influences of the field on these two  dyes in ethanol solution
were investigated. HOMO energy level for NKX-2593 and NKX-
2883 in ethanol solution is stabilized by the value of 0.17 and
0.23, respectively, compared to the gas phase. And, LUMO energy
level stabilization in the same condition is 0.2 and 0.1 eV, therefore,
the energy gap in solvent phase is reduced, compared to the gas
phase.

It is clear that local electric field in the presence of a solvent
leads to more red-shift than it does in gas phase, which is due
to solvent effect. In solution, sensitizers are also affected by the
change in polarizability since the electric field of the surround-
ing solvent induces a dipole moment of a different size. Changes
in dipole moment alter the dye–solvent electrostatic interaction in
the ground and excited states, which causes a shift in the absorption
maximum.

According to the second order perturbation theory, local field
can increase energy stabilization. The stabilization energies corre-
sponding to second order perturbation energy, in the presence of
local electric field, are 2046.08 and 2470 kcal/mol in gas phase and
2397 and 2490 kcal/mol in solution for NKX-2593 and NKX-2883,
respectively. As it can be easily observed, as a result of the local
field application to the dyes there is an increased resonance and
subsequently an increased stabilization in the molecule, compared
to off-field condition, verified by QMRE corresponding to second
order perturbation.

Changing the dye structure by introducing various functional

groups to increase delocalization, and hence DSSCs’ efficiency, is
reported in a lot of studies. Our results indicate that the same
improvement can be simply achieved by applying an electric field
of proper strength.
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Fig. 3. Schematic representation of the frontier molecular orbitals of NKX-2593

and oscillation strength growth increase by increasing electric field
O.M. Sarhangi et al. / Journal of Photochemistry

.3.2. Electronic excitations and absorption spectra in local
lectric fields

As it is previously shown, TD-DFT method can well predict
bsorption spectra (�), oscillator strength and therefore the effi-
iency of dye sensitizer solar cell. Therefore, we  utilized this
ethod to study the effects of the local electric field on the dye

ensitizer solar cell efficiency. To have a better insight of excited
tate electronic transitions in the presence of an electric field, TD-
FT calculations using hybrid functional MPW1PW91 and 6-311G

d) basis set were accomplished for 30 lowest transitions.
Orientation of local electric field is one of the most important

actors in applying an electric field on the dye. We  calculated possi-
le orientations of NKX-2593 and NKX-2883 in the presence of local
lectric field. In the current study an electric field of the strength of
0 × 10−4 a.u. parallel and antiparallel to the dipole moment of the
ye was applied to discover the optimum orientation for the electric
eld. To do so, TD-DFT calculations were carried out to obtain the
bsorption spectrum in the local electric field. The results obtained
rom TD-DFT calculations indicate that the application of an elec-
ric field parallel to the dipole moment of the dye results in an
ncredible increase in the dipole moment of the dye, consequently
nfluencing the absorption spectra. The dye NKX-2593, in the local
lectric field of 10 × 10−4 a.u. parallel to its dipole moment, showed

 dipole moment of 15.7 Debye and a maximum peak at 531 nm.
ut the values for off-field condition are 12 Debye and 507 nm for
ipole moment and maximum peak, respectively. For the NKX-
883, we observed that a local field of 10 × 10−4 a.u. parallel to
he dipole moment increased the dipole moment from 17.86, in
he absence of the field, to 22.5, on the local field. Also, the max-
mum absorption shifted from 532 nm,  in the off-field condition,
o 601 nm,  on the local field. But the application of a local elec-
ric field anti-parallel to the orientation of the dipole moment of
hese two sensitizers resulted in a decrease in the dipole moment,
ompared to the off-field condition, and consequently blue-shifted
he maximum absorption. For instance, for the NKX-2593 dye, the
ipole moment and maximum absorption reduced to 11.6 Debye
nd 484 nm,  respectively. The application of an anti-parallel local
eld of 10 × 10−4 a.u. on NKX-2883 reduced the dipole moment

rom 17.86, in off-field condition, to 15.73, on the local field, and
he maximum absorption underwent a blue-shift of 14 nm.  The
btained results for these two dyes, in parallel and anti-parallel
ocal electric fields of 10 × 10−4 a.u. and in gas phase, are illustrated
n Fig. 3.

According to these results, local fields parallel to the dipole
oment of the dyes are in favor of our goal in this paper to promote

he efficiency of the dyes in dye sensitizer solar cells. HOMO and
UMO energy levels and the energy gap between them in various
lectric fields are illustrated in Fig. 4. As it is clear, the gap decreases
y increasing electric field strength. But how does the local electric
eld, parallel to the dipole moment, induce such a decrease in the
nergy gap of the dyes?

We  used TD-DFT calculations, to answer this question. The
esults show that the local electric field, whether parallel or anti-
arallel to the dipole moment, has no big effect on HOMO energy

evels of the dyes and just unstable them in a very trivial amount,
ut it has the most influences on the LUMO energy levels of the
yes. The local electric field parallel to the dipole moment of the
ye made LUMO of NKX-2593 and NKX-2883 stable by the values
f 0.11 eV and 0.22 eV, respectively.

As an example, the singlet–singlet transitions of the absorption
ands with the wavelength over 300 nm,  and transition energies

n gas and solvent phases, for the field of 5 × 10−4 a.u., are listed in
able 3 (See Supporting information). As it is clear from Table 3,

he NKX-2593 on the local electric field of 5 × 10−4 a.u. shows a

aximum absorption peak at 517.7 nm with the oscillator strength
f 0.7963, corresponding to electronic transitions from HOMO to
(top) and NKX-2883 (bottom) in gas phase and presence of an electric field of
10  × 10−4 a.u., parallel and anti-parallel to the dipole moment, calculated by TD-DFT
at  the MPW1PW91/6-311G (d) level.

LUMO. Compared to the off-field condition, there is a red shift of
10 nm and the oscillator strength is increased by the amount of
0.11.

For the dye NKX-2883 in the same local field, the maximum
absorption peak was  found to be at 563.9 nm with oscillator
strength of 1.47, while these values in the absence of the local elec-
tric field are respectively 532 nm and 1.7. Although the oscillator
strength for NKX-2883 is decreased, an increase in the efficiency is
observed, which will be later discussed in detail. Simulated absorp-
tion spectra of NKX-2593 and NKX-2883 in the gas phase, ethanol
solution and presence of various electric field strengths are illus-
trated in Fig. 5. To get the most compatibility with the experimental
conditions and have an acceptable understanding over electronic
transitions, TD-DFT calculations were done in ethanol, as a sol-
vent, and in the local electric field. Calculations in the solvent
phase and presence of an electric field for NKX-2593 and NKX-
2883 show that the shift of the maximum absorption to longer
wavelengths has increased. Generally, a similar trend to the gas
phase calculations as a result of electric field enhancement is
observable.

As it can be simply deduced from the data in Fig. 5, the red shift
strength. However, it should be noticed that oscillator strength
up to fields of 20 a.u. is less than that for off-field condition and
at 20 a.u. it approximately equals to its off-field value and then
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ig. 4. Schematic representation of the frontier molecular orbitals of NKX-2593 (to

ncreases with increasing electric field strength. The maximum
bsorption and oscillator strength obtained in the local electric field

how that a local electric field causes a remarkable broadening and
ed-shift in the absorption bands. The broadening of the peaks in
he presence of local electric fields is far too vivid and the corre-
ponding spectrums are illustrated in Fig. 5, but for a quantitative

able 3
elected excitation energies (nm) and oscillator strengths for the optical transitions bet
ensitizers at the MPW1PW91/6-311G (d) level and in an electric field of 5 × 10−4 a.u.

Gas phase

E f Composition 

NKX-2
517.7  0.7963 H → L (100%) 

393.9  0.4010 H−1 → L (+59%) 

H  → L+1 (40%) 

360.7  0.0010 H−2 → L (+94%) 

354.2  0.3886 H → L+1 (+57%)
H−1  → L (+39%) 

315.3  0.0613 H−3 → L (+55%) 

H−1  → L+1 (+40%) 

NKX-2
563.9  1.4743 H → L (+99%) 

444.7  0.9139 H → L+1 (+59%) 

H−1  → L (39%) 

404.0  0.0391 H−1 → L (+60%) 

H  → L+1 (+39%) 

365.9  0.0050 H−1 → L+1 (+14%) 

H−2  → L (+84%) 

355.9  0.0352 H−1 → L+1 (86%) 

H−3  → L (+6%) 
 NKX-2883 (bottom) in gas phase and nine different electric field (×10−4 a.u.).

analysis, the Peak Area for these two  dyes in different local fields
has been calculated and listed in Table 4. For these two  dyes, the

Peak Area is calculated through following equation,

%A = A − Aref

Aref
(3)

ween 350 and 700 nm of the absorption spectra of the NKX-2593 and NKX-2883

Ethanol solution

E f Composition

593
611.0 0.9238 H → L (100%)
419.6 0.5102 H−1 → L (+64%)

H → L+1 (35%)
384.0 0.0028 H−2 → L (+96%)
378.2 0.5206 H → L+1 (+62%)

H−1 → L (+35%)
320.3 0.0252 H−3 → L (+63%)

H → L+1 (+14%)
H−4 → L (+19%)

883
654.5 1.5989 H → L (+98%)
480.5 1.1103 H → L+1 (+58%)

H−1 → L (39%)
438.0 0.0361 H−1 → L (+59%)

H → L+1 (+40%)
383.6 0.0077 H−2 → L (+89%)

H−2 → L+1 (+10%)
361.3 0.0040 H−1 → L+1 (+81%)

H → L+2 (8%)
H−3 → L (8%)
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ig. 5. Simulated absorption spectra of NKX-2593 (top) and NKX-2883 (bottom) in
alculated by TD-DFT at the MPW1PW91/6-311G (d) levels.

In this equation, the Peak Area for NKX-2593 in the gas phase
nd absence of a local field is selected to serve as an A-reference
Aref) for MPW1PW91 and B3LYP, and A equals to Peak Area for
he dyes in different field strengths in gas and solvent phases. As it
s observable from the data in Table 4, the Peak Area is increased

ith increasing field strength, which is a result of peak broad-

ning. The NKX-2883 bearing higher degree of resonance than
KX-2593 (because of extra cyanide and thiophene moieties) gets
ore affected from electric field and consequently undergoes more

ed-shift and increased Peak Area.

able 4
umerical values for Peak Area for NKX-2593 and NKX-2883 in gas and solvent phases, in

unctional MPW1PW91 and B3LYP/6-311G (d).

Gas phase 

Field NKX-2593 NKX-2883 

MPW1PW91 B3LYP MPW1PW91 B3LYP 

0 0 0 108.15 108.47 

5  11.36 11.30 123.16 123.70 

10 19.43  19.28 142.07 142.88 

15  27.84 27.58 165.5 166.70 

20  36.23 35.78 193.3 194.53 

25 45.07  44.39 224.63 225.12 

30  54.60 53.56 257.72 255.71 

35 64.77  69.40 290.19 285.78 

40  75.19 72.89 319.54 312.08 
as phase (right) and ethanol solution (left), in various field (×10−4 a.u.) strengths,

The results for MPW1PW91 and B3LYP are listed in Table 4.
A simple comparison between MPW1PW91 and B3LYP methods
reveals that the trend of changes for different conditions in both of
them is similar. There is not a significant difference between the
results obtained from MPW1PW91 and B3LYP, so B3LYP can also
be used to calculate the Peak Area.
As mentioned previously, as a result of electric field application
on NKX-2883, in spite of the shift to higher wavelengths, their oscil-
lator strength is decreased for the electric field strength smaller
than 20 a.u., but calculations show that in spite of the weakening of

 the presence of different fields (×10−4 a.u.), calculated by TD-DFT and two  hybrids

Ethanol solution

NKX-2593 NKX-2883

MPW1PW91 B3LYP MPW1PW91 B3LYP

50.48 51.62 167.32 169.29
72.43 73.35 221.11 224.56
94.10 94.68 282.32 287.06

116.70 125.88 362.16 366.81
141.73 137.49 448.90 447.38
167.32 160.81 514.04 503.82
188.02 179.56 544.88 529.99
202.87 193.004 556.03 539.78
210.65 210.04 569.14 551.51
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scillator strength, Peak Area, which is a criterion of light response
f the dye to the solar spectrum, is increased. So, we can conclude
hat electric field application can lead to higher photon to current
esponse of the dye.

To computationally study the absorption properties of the dyes
sing the TD-DFT method, our data suggest that Peak Area calcu-

ation method is more accurate and precise than the maximum
bsorption method because it covers all excited state transitions,
ven low intensity transitions, and also more vivid data about
roadening of the peaks can be obtained using this method. Besides,
y the use of Peak Area calculations, a comparison of the absorption
roperties of the dyes as well as their quantitative study would be
ossible. This method can be helpful for the analysis of the systems
f similar absorption spectra.

Our data show that a field application in the proper direction
an lead to a considerable change in efficiency improvement and
ed-shift. It is to be noted that an electric field application does not
ecessarily lead to higher efficiency, but a field of optimum strength
nd right direction is needed to do so.

. Conclusions

The results of this work suggest that the DFT/TD-DFT approach is
eliable for describing the electronic structure and spectral proper-
ies of Coumarin sensitizers, which can be of great help in the design
f new and more efficient sensitizers for future-generation DSSCs.
he electronic and spectroscopic properties of NKX-2593 and NKX-
883 Coumarin dyes have been investigated and compared with
revious experimental works. Compared with experimental data,
he results of the calculations imply that the hybrid functional
BE1PBE and MPW1PW91 are more suitable than B3LYP for calcu-
ating maximum absorption spectra of Coumarin dyes NKX-2593
nd NKX-2883. Inclusion of solvent effects increases the oscilla-
or strength significantly and results in red shifts of the spectra of
KX-2593 and NKX-2883. TD-DFT can be an appropriate method

o calculate maximum absorption and oscillator strength. So, new
tructures can be suggested and we can then theoretically investi-
ate how maximum absorption and oscillator strength increase can
ffect their efficiency. This paper describes a method to calculate
lectrostatic properties of excited states of molecular systems using
ime-dependent density functional theory in combination with a
ocal electric field. Orientation of dyes in local electric field is one
f the most important factors in applying an electric field on the
ye. The results obtained from TD-DFT calculations indicate that
he application of an electric field parallel to the dipole moment of
he dye results in an incredible increase in the dipole moment of
he dye, consequently influencing the absorption spectra. But the
pplication of a local electric field anti-parallel to the orientation of
he dipole moment of these two sensitizers resulted in a decrease in
he dipole moment, compared to the off-field condition, and conse-
uently blue-shifted the maximum absorption. According to these
esults, local fields parallel to the dipole moment of the dyes are
n favor of our goal to promote the efficiency of the dyes in dye
ensitizer solar cells.

We notice that the trend of calculated HOMO–LUMO gaps is
icely in accord with the spectroscopic data, showing a red-shift
f the absorption maximum in going from NKX-2593 to NKX-
883. The NBO second order perturbation analysis provides a direct

nsight into the �-conjugation strength of NKX-2593 and NKX-
883. As it can be easily observed, as a result of the introduction
f CN and thiophene to the dye NKX-2883 there is an increased

esonance and stabilization in the molecule, verified by QMRE cor-
esponding to second order perturbation. Peak Area calculation
uggests that this method is more accurate and precise than the
aximum absorption method because it covers all excited state

[

[

hotobiology A: Chemistry 225 (2011) 95– 105

transitions, even low intensity transitions, and also more vivid data
about broadening of the peaks can be obtained using this method.

Changing the dye structure by introducing various functional
groups to increase delocalization, and hence DSSCs’ efficiency, is
reported in a lot of studies. Our results indicate that the same
improvement can be simply achieved by applying an electric field
of proper strength and also show that electric field application to
increase the photon-to-current power conversion of dye is very
promising to provide good performances in dye sensitizer solar cell.
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