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bstract

Density functional theory (DFT) and time-dependent DFT calculation have been applied to study the coumarin dyes which act as photosensitizer
n dye-sensitized solar cells. The absorption spectra of coumarin dyes in ethanol can be well reproduced with theoretical method. The outstanding
erformance of NKX-2311 roots in higher light harvesting efficiency and more efficient electron injection efficiency into conduction band of TiO2
lectrode according to our computation. Absorption peaks and HOMO energy levels of dyes can be employed as the two effective theoretical
arameters for the judgement of their solar to energy efficiency. New coumarin dyes which probably possess higher efficiency were designed
eferring to our conclusions.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Dye-sensitized solar cells (DSC) have been attracting consid-
rable attention owing to their comparatively low cost and high
fficiency in recent years [1–3]. Dyes are the crucial factor for
he solar to energy efficiency of DSCs. There are several types
f properties related with dyes which determine the efficiency of
SCs, such as sunlight harvesting efficiency and quantum yield
f electron injection on the surface of semiconductor film, etc.
4].

Polybipyridyl ruthenium dyes are the most efficient photosen-
itizer in DSCs by now [5]. Molecular modification of these dyes
s a tough task for their complicated synthesis routes; moreover,
he raw materials such as noble metals applied in the synthe-
is procedures are rather expensive. Organic dyes have also
een applied as photosensitizers in DSCs [6–8]. Organic dyes

ave several advantages over ruthenium complexes: the cost of
rganic dyes is much lower than ruthenium complexes; more-
ver, molecular design of organic dyes is more convenient than
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E-mail address: yyxia@fudan.edu.cn (Y.-Y. Xia).

(
s

h
d
i
s

010-6030/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2007.08.004
hat of ruthenium complexes for variability of their molecular
tructures.

Coumarin dyes are among organic dyes which possess high
olar to energy transfer efficiency in DSCs [9–12]. Numer-
us experimental methods have been applied to acquire novel
rganic coumarin dyes with higher efficiency. Although experi-
ental molecular modification is a powerful and straightforward

oute to get new dyes, the synthesis process is not only expensive
ut time-consuming. Theoretical calculation method is another
owerful tool for molecular design, and conclusions drawn from
alculation are valuable guideline for synthesis of new effi-
ient dyes. Theoretical investigation has been carried out on
olybipyridyl ruthenium dyes [13–15]. Only very recently, the-
retical methods have been employed to investigate absorption
pectra of coumarin dyes [16]. Up to now, no theoretical meth-
ds have been applied to study the structure–activity relationship
SAR) of coumarin dyes about their application in dye-sensitized
olar cells.

In the present work, density functional theory (DFT) method

as been applied to elucidate the SAR for a series of coumarin
yes (NKX-2398, NKX-2388, NKX-2311, NKX-2586, shown
n Fig. 1). They are named according to the researcher who
ynthesized the dyes [4]. Their bone structures are the same as
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peaks simulated with theoretical method as well as the absorp-
tion peaks in their experimental UV–vis spectra are summarized
in Table 1. It seems that our calculated results well reproduced
the experimental data.
Fig. 1. Molecular structures of t

olecular structure of C343, and they differ in the sizes of conju-
ated structure and substituent groups with different characters.
his series of coumarin dyes display satisfactory performance in
SCs. The performance of the dyes improved with the expan-

ion of their conjugate structures except that the DSCs based
n dye NKX-2311 display higher efficiency than NKX-2586
4]. In our work, two kinds of theoretical parameters have been
etermined as criterions to judge the efficiency of these dyes
or their application in dye-sensitized solar cells. New promis-
ng coumarin dyes have been designed according to these two
arameters.

. Computational methods

The geometries of a series of coumarin dyes have been fully
ptimized without any symmetry constraints at the B3LYP level
f theory with the 6-31g (d) basis set. TD-B3LYP calcula-
ion containing solvation effect of ethanol is performed on the
eometries optimized in the gas phase. The conductor polariz-
ble continuum model (CPCM) [17,18] is conducted employing
arameters and iterative computation methods as suggested by
lamt et al. to contain the solvation effect. The 30 lowest

pin-allowed singlet transitions are investigated to simulate the
V–vis spectra. Transition energetics and oscillator strengths

re interpolated by a Gaussian convolution with the full width

t half-maximum of 0.4 eV. The energy levels of singlet excited
tate are calculated consulting the ground state oxidation poten-
ial and singlet absorption peaks. The Gaussian 03 package of
rograms was employed throughout this paper [19].

F
d

ies of coumarin dyes and C343.

. Results and discussion

.1. UV–vis spectra and electronic structures in ethanol

The absorption spectra of the four coumarin dyes in ethanol
re simulated according to our computation with DFT method.
heir simulated spectra are depicted in Fig. 2. Their absorption
ig. 2. Comparison of the simulated absorption spectra of the four coumarin
yes.
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Table 1
The absorption peaks of computational and experimental data of the four
coumarin dyes (in nm) and their solar to energy efficiency in the experiments of
Hara et al. [4]

λmax (experiment) [4] λmax (computation) η (%) [4]

NKX-2398 451 422 3.4
NKX-2388 493 459 4.1
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KX-2311 504 506 5.2
KX-2586 506 552 3.5

From NKX-2388, NKX-2311 to NKX-2586, the conjugated
tructures become larger although their substituent groups con-
ected to the end of methine moiety are the same. It is indicated
hat the absorption spectra of dyes red-shifted with size expan-
ion of their conjugate systems according to our calculation. On
he other side, the character of the substituent groups plays an
mportant part in the UV–vis absorption property of these dyes.
he substituent group which acts as strong electron acceptor
roup, such as cyano group, is advantageous to the red-shift of
bsorption spectra. As a whole, the UV–vis absorption spectra of
hese coumarin dyes can be well reproduced with the theoretical

ethod.
It is well known that red shift in the absorption spectra of dyes

re desirable for harvesting the sunlight when they are employed
s the photosensitizer in dye-sensitized solar cells. From NKX-
398, NKX-2388 to NKX-2311, the absorption bands shift to
onger wavelength, which means the dye NKX-2311 can make
etter use of sunlight. It is probably the reason why NKX-2311
isplays higher efficiency than the other two dyes. The light
arvesting efficiency of NKX-2586 is more efficient than NKX-
311, while the cell efficiency of NKX-2586 is much lower
han that of NKX-2311 referring to the experiment. It is due to
hat light harvesting efficiency of the photosensitizer is not the
xclusive factor to determine the efficiency of solar cells. We
ill elucidate the cause of this phenomenon in the following
art of our article.

The molecular orbitals involved in the analysed transitions
ere examined with DFT method. The electronic structures of

hese dyes are quite similar although their sizes of conjugated
ystems and substituted groups are distinct from each other. The
OMO and LUMO orbital of NKX-2311 are depicted in Fig. 3

s the representation. It can be easily identified that the absorp-

ion bands of these four dyes are attributed to � → �* transition.
here is one distinct phenomenon which cannot be ignored: the
UMO orbital possesses larger composition of carboxyl group

ocated at the end of methine unit chain (–CH CH–) compared

c
0
f
(

Fig. 3. The structures of frontie
tobiology A: Chemistry 194 (2008) 167–172 169

ith the HOMO orbital which is liable to located at ring moieties.
he conclusion can be drawn that electron transfer from the ring
oieties towards carboxyl groups takes place during the excita-

ion process of the dyes. Because the dyes are anchored onto the
urface of semiconductor surface through carboxyl group, elec-
ron injection process will be facilitated as the dyes are excited.
he electronic structures of these coumarin dyes are in favor of

he high overall efficiency of the solar cells.

.2. The driving force for electron injection of the dyes

Electron transfer process across the surface of semiconductor
lm becomes the crucial factor after the dyes are oxidized. The
lectron injection process involves electron transfer from dis-
rete excited states of dyes to a continuum of electronic levels
n the semiconductor, so the total electron transfer rate can be
emonstrated as [20,21]:

et = 2π

h̄

∫ ∞

0
dEρ(E)|H(E)|2 1√

4πλkBT

× exp

(
− (�G◦ + λ − E)2

4λkBT

)
(1)

In this equation, H̄(E) is the average electronic coupling
etween the excited states of dyes and the accepting states in
he semiconductor. ρ(E) denotes the density of accepting states
t energy E relative to the conduction band edge. �G◦ is the
nergy gap between the oxidation potential of excited state dyes
nd the conduction band edge of semiconductor Ecb − Edye. As
as been analyzed in our previous research [22], the rate of
lectron transfer of the dye molecules with similar molecular
tructures mainly depends on the energy gap between the oxida-
ion potential of excited-state dyes and the conduction band edge
f semiconductor Ecb − Edye. The Ecb − Edye value is denoted
s the driving force of the electron injection, and larger driving
orce are desirable for more rapid electron injection rate and then
igher overall efficiency of DSCs.

The energy levels of the excited state of the four dyes are
emonstrated in Fig. 4 consulting the absorption peaks of the
imulated UV–vis spectra. The energy levels of their singlet
xcited state S1 shift to be positive from NKX-2398, NKX-
388, NKX-2311 to NKX-2586. The energy gaps between the

onduction band of TiO2 and S1 state are 1.24, 0.85, 0.67, and
.60 eV for these four dyes, respectively. Their driving force
or electron injection decreases in this order. According to Eq.
1), the order of electron injection rate is NKX-2398 > NKX-

r orbitals for NKX-2311.
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ig. 4. Energy level diagram of conduction bands of TiO2, ground state and
inglet excited states of coumarin dyes. S1 denotes the first singlet excited states
f dyes.

388 > NKX-2311 > NKX-2586. The electron injection process
f NKX-2311 is more liable to take place than that of NKX-
586. It is probably the reason why the overall efficiency of solar
ells with NKX-2586 is much lower than that with NKX-2311
lthough the light harvesting efficiency of NKX-2586 exceeds
hat of NKX-2311. To summarize, NKX-2311 possesses not
nly broad absorption band in higher wavelength region but also
avorable energy level for its singlet excited state. Both of these
wo factors are advantageous to its solar to energy efficiency.

.3. Theoretical parameters to judge electrochemical
erformance of coumarin dyes

The location of absorption band and energy level of sin-
let excited state can be applied as the criteria to judge the
lectrochemical performance of coumarin dyes. The UV–vis
bsorption spectra can be well reproduced with theoretical
ethod, but the value of oxidation potential is essential to calcu-
ation of S1 energy level. The simulation of oxidation potential
s beyond the capacity of our calculation. Fortunately, we found
he oxidation potential correlates with energy level of HOMO
rbital. As is demonstrated in Fig. 5, the energy level of HOMO

ig. 5. The linear relation between oxidation potential values and energy levels
f HOMO orbitals.
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rbital is linear with the oxidation potential measured with
xperimental methods [4] for this series of coumarin dyes. More
ositive HOMO energy level will inevitably make the oxida-
ion potential negative. Less positive oxidation potential results
n more favorable excited state energy level for electron injec-
ion consulting the distribution of energy levels in Fig. 4 and
he relationship between the HOMO energy level and Eox in
ig. 5. In summary, dyes with absorption bands in higher wave-

ength region and more positive HOMO energy level compared
ith NKX-2311 is more liable to display better electrochemical
erformance than NKX-2311.

UV–vis absorption spectrum and HOMO energy level can
e simulated conveniently with theoretical method. Although
he calculated results cannot provide quantitative data about the
erformance of dyes, the theoretical method may act as a con-
enient and low-cost tool for selection and molecular design of
ew coumarin dyes with higher efficiency.

.4. Molecular design of new coumarin dyes based on
KX-2311

One approach to improve the performance of coumarin dyes
s to expand the methine unit of NKX-2311. The expansion of
onjugated structures will result in red shift of their absorption
ands, but it makes the synthesis procedure more complicated
nd longer methine chain is liable to cause aggregation of
yes which is disadvantage for the efficiency of these dyes
23].

We tried to design dyes with better efficiency based on
KX-2311. The molecular modification route is to introduce

ubstitutent groups on the molecular bone of NKX-2311. Sub-
titutent groups with different electron character and steric
indrance property were introduced into different substitution
ites of NKX-2311. The substitution sites are numbered in
ig. 6. The substituents applied can be divided into three types:
lectron-donating substituents (–OH, –NH2, –OCH3), electron-
ithdrawing substituents (–CF3, –F, –CN) and two subtituents
ith steric effect (shown in Table 2). These substituents were

ocated at site a, b, c, d, e, respectively. Thirty-six model
olecules with different substituents at the vacant sites were

nalyzed with DFT method in order to screen out new dyes with
otential.
Their absorption peaks and energy levels of HOMO
rbital simulated with theoretical method are summarized
n Table 2. The absorption band peak and HOMO orbital
nergy level of NKX-2311 were confirmed to be 505 nm and

Fig. 6. The substitution sites on NKX-2311.
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Table 2
The absorption peaks (in nm) and energy levels of HOMO orbitals (in eV) for
the model molecules simulated with DFT method

Substituent group λmax (nm) Evaluationa EHOMO (eV) Evaluationa

a = –OH 505 Y −5.3010 N
a = –NH2 510 Y −5.2142 Y
a = –OCH3

b

a = –CF3 510 Y −5.3846 N
a = –F 497 N −5.3947 N
a = –CN 510 Y −5.5168 N
b = –OH 493 N −5.3231 N
b = –NH2 485 N −5.2800 Y
b = –OCH3 505 Y −5.3283 N
b = –CF3 543 Y −5.4172 N
b = –F 495 N −5.3957 N
b = –CN 568 Y −5.4779 N
c = –OH 495 N −5.3231 N
c = –NH2 481 N −5.2679 Y
c = –OCH3 510 Y −5.3141 N
c = –CF3 574 Y −5.3438 N
c = –F 505 Y −5.3770 N
c = –CN 585 Y −5.4289 N
d = –OH 543 Y −5.1623 Y
d = –NH2 559 Y −4.9527 Y
d = –OCH3 529 Y −5.1884 Y
d = –CF3 523 Y −5.3707 N
d = –F 532 Y −5.2700 Y
d = –CN 524 Y −5.4578 N
e = –OH 485 N −5.2991 Y
e = –NH2 459 N −5.2396 Y
e = –OCH3 490 N −5.2741 Y
e = –CF3 549 Y −5.3092 N
e = –F 503 N −5.3435 N
e = –CN 602 Y −5.4031 N

a, b = 529 Y −5.2461 Y

b, c = 513 Y −5.2586 Y

c, d = 505 Y −5.2349 Y

a, b = 513 Y −5.2287 Y

b, c = 544 Y −5.2787 Y

c, d = 526 Y −5.2496 Y

“Y” denotes that this property of this model dye is superior to that of NKX-
2311 and “N” denotes that this property of this model dye is inferior to that of
NKX-2311.

a The evaluation means the relative performance of the model dyes compared
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ith that of NKX-2311.
b The geometry optimization of model molecule with methoxy group at site

a’ failed in our computation.

5.3020 eV by means of theoretical method, which means
hat coumarin dyes with absorption peak at wavelength higher
han 505 nm and HOMO energy level situated to be posi-

ive than −5.3020 eV are promising dyes with higher effi-
iency.

As is depicted in Table 2, electronic effects of the sub-
tituents affect the performance of the model dyes greatly. As

a
m
fi
m
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whole, the attachment of electron-withdrawing substituents is
ore liable to induce red shift of the absorption spectra, while

lectron-donating substituents are likely to result in positive
hift of HOMO energy level. It seems that it is a great task
o pick out one substituent which can meet the two require-

ents. Fortunately substitution at site ‘d’ always causes red
hift of absorption spectra no matter what kind of substituent
s introduced. Model dyes with electron-donating substituents
t site ‘d’ are promising photosensitizers in dye-sensitized solar
ells.

Two kinds of substituents with steric effect (shown in Table 2)
re also located at spare sites of NKX-2311. Two parameters of
he six dyes are also calculated by means of theoretical method.
t is surprising that all of these dyes meet these two require-
ents, which means substitutent with steric effect is favorable

or higher performance of dyes. On the other hand, their steric
ffect can prevent the dyes from aggregation efficiently as they
re absorbed onto the surface of semiconductor film. To sum-
arize, introduction of electron-donating substituents at site ‘d’

nd the two kinds of substituents with steric effect are effective
ethods to get new promising coumarin dyes. This conclu-

ion is a valuable clue for molecular modification of coumarin
yes.

. Conclusions

DFT method has been employed to examine the light harvest-
ng and electron injection process from excited-state coumarin
yes into conduction band of semiconductor electrode. The sim-
lated UV–vis absorption peaks of coumarin dyes fit well with
he experimental data. According to our computational results,
he expanding of conjugated system always results in red shift of
bsorption band. The absorption band of NKX-2398 and NKX-
388 are situated in shorter wavelength region compared with
hat of NKX-2311, which means the light harvesting efficiency
f NKX-2311 is higher than the other two dyes. That is the rea-
on why the overall efficiency of these two dyes is lower than
KX-2311.
Energy gaps between the conduction band edge of TiO2 and

xcited-state oxidation potential of dyes can be employed as
he driving force for electron injection. Our computation indi-
ated that the driving force of NKX-2311 is larger than that of
KX-2586. The predominant performance of NKX-2311 roots

n its high light harvesting efficiency and favorable excited state
nergy level.

As HOMO energy level is linear with oxidation poten-
ial, simulated absorption spectrum and HOMO orbital energy
evel can be employed to judge the efficiency of the dyes.
hese two parameters can be obtained with theoretical method,
nd then the efficiency of coumarin dyes can be figured out
efore they are synthesized. By means of this method, it
s found out that electron-donating substituents at site ‘d’
nd two kinds of substituents with steric effect are favor-

ble for the efficiency of coumarin dyes. Our computational
ethod is proved to be a powerful tool for molecular modi-
cation of coumarin dyes which will save us much time and
oney.
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