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a  b  s  t  r  a  c  t

Electroabsorption  (E-A)  spectra  of  (Bu4N)2[Ru(dcbpyH)2(NCS)2]  (N719)  sensitized  on  TiO2 nanoparticles
are  very  different  from  those  of  the N719  solid  film.  In contrast  with  N719  fixed  in  a  solid  form,  N719
adsorbed  on  TiO2 shows  a significant  electric  field  effect  on absorbance,  indicating  the  strong  interaction
in  the  surface  between  N719  and  TiO2. The  magnitude  of  the  change  in  electric  dipole  moment  following
absorption  of  N719  sensitized  on TiO is  much  greater  than that  of  the sold  film,  suggesting  that  the
eywords:
ye sensitized solar cell
iO2

uthenium complex
lectroabsorption spectrum

2

interfacial  charge  transfer  occurs  following  photoexcitation  of  N719  adsorbed  on TiO2 surface.
©  2014  Elsevier  B.V.  All  rights  reserved.
nterfacial electron transfer

. Introduction

Dye-sensitized solar cells (DSSC) are considered as a strong
lternative to conventional photovoltaic devices that used semi-
onductors, such as silicon. The advantages of DSSC are their
igh efficiency, simple fabrication process and low cost produc-
ion [1]. Numerous sensitizers including rutheniums complexes
2–6], metal-free organic dyes [7–9], and porphyrin dyes [10,11]
re employed in DSSC devices. In any DSSC device, efficient electron
njection from the excited state of dye sensitizers to the conduction
and (CB) of nanocrystalline titanium dioxide (TiO2) is essential. To
esign and develop more efficient and stable organic devices, deep
nderstanding of photoexcitation dynamics of these dye sensitizers
ttached on TiO2 is essential.

Among ruthenium complexes, Ru(II) polypyridal com-
lex dyes adsorbed on TiO2 have been the main subject,
nd bis(tetrabutylammonium)-cis-di(thiocyanato)-N,N′-bis(4-
arboxylato-4′-carboxylic acid-2,2′-bipyridine)ruthenium (II)

N719) is a typical complex, which gives the energy conversion
fficiency over 11% with the liquid I−/I3− electrolyte [12]. The
etal to ligand charge transfer (MLCT) promotes an electron

∗ Corresponding author.
E-mail addresses: diau@mail.nctu.edu.tw (E.W.-G. Diau), nohta@es.hokudai.ac.jp

N. Ohta).

ttp://dx.doi.org/10.1016/j.jphotochem.2014.05.001
010-6030/© 2014 Elsevier B.V. All rights reserved.
from the metal center to a ligand that is directly bound to the
semiconductor surface [13].

The ultrafast electron injection occurs after light absorption
of the MLCT band, and the injection time has been estimated to
be as fast as 10–25 fs for the ruthenium complexes containing
4,4′-dicarboxyl-2,2′-bipyridine ligand, i.e., N719 and cis-bis(4,4′-
dicarboxyl-2,2′-bipyridine)-bis(isothiocyanato)-ruthenium(II), i.e.,
N3 [14–16]. According to the theory for excited-state electron
injection into wide-bandgap semiconductor, the rate of interfacial
electron transfer at an electrode surface depends critically on the
overlap of the sensitizer excited state distribution function with the
semiconductor density of states [17]. To obtain the extremely fast
electron injection, strong electronic coupling between photoex-
cited sensitizer and semiconductor should be generated through
the anchoring groups of the dye, along with a high density of CB
states of the semiconductor surrounding the excited state of the
dye.

The adsorption geometry of N719 on extended TiO2 modes was
calculated using a systematic density functional theory [18]. The
energy levels of the excited state of N719 relative to the CB of TiO2
as well as the electronic coupling between the attached dye, i.e.,
N719, and TiO2 were also calculated. The results indicated that the

visible absorption band centered at ∼530 nm corresponds to the
transition to the combined system’s excited state having strong
coupling between dye and TiO2, that is, the electron injection occurs
following optical transition from the ground state of the dye to an

dx.doi.org/10.1016/j.jphotochem.2014.05.001
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jphotochem.2014.05.001&domain=pdf
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Fig. 1. Absorption spectra of N719 in ethanol (thin solid line), in crystal (dotted

also covered by a PMMA  film in sample (I). Then, the difference
in absorption spectrum between samples (I) and (II) does not come
from the pH dependence.

Table 1
Molecular parameters obtained from the E-A spectra of N719 under different sample
conditions.

Sample Peak
position
(nm)

A
(10−4 MV−2 cm2)

� ¯̨  (Å3) �� (D)

N719 solid film (sample (I))
Band 1 557 0 9 ± 2 7.0 ± 0.1
Band 2 408 0 0 10.0 ± 0.3

N719/TiO2 film (sample (II))
Band 1 543 10.3 ± 0.3 95 ± 5 11.0 ± 1.0
K. Awasthi et al. / Journal of Photochemistry

xcited state largely delocalized within the semiconductor [19]. If
his is the case, the electric dipole moment is expected to be very
arge at the excited state of N719 sensitized on the surface of TiO2,
n comparison with those of N719 without TiO2.

Electroabsorption and electrophotoluminescene spec-
roscopies, where electric field effects on absorption and
hotoluminescence spectra are measured, are powerful tech-
iques to investigate the charge separated character of the excited
tate because the change in electric dipole moment following
ptical transition can be determined. In fact, these techniques
ave been applied to dye sensitizers attached to TiO2 to evaluate
he charge-separated character of the photoexcited state [20–24].
nterestingly, the local electric field induced by the photoinduced
lectron transfer of sensitizers attached to TiO2 has been also
iscussed by comparing the electroabsorption spectra observed
ith and without photoirradiation [24–26].

In the present study, we have measured electroabsorption (E-
) spectra of N719 adsorbed on TiO2 nanoparticles in a thin-film
ondition similar to that used in DSSC, along with the E-A mea-
urements of N719 solid films. For both samples, we  analyzed the
-A spectra, and the magnitudes of the change in electric dipole
oment, molecular polarizability and transition moment follow-

ng photoabsorption have been evaluated. Based on the results, the
echanism of the electron injection in the N719/TiO2 interface has

een discussed.

. Experimental

Commercially available N719 (Everlight Chem. Ind. Corp.,
aiwan) was used without further purification. Two  kinds of sam-
les of N719, i.e., samples (I) and (II), were prepared. Sample (I),
hich is the N719 thin solid film, was prepared by deposition

f N719 dye on an indium-tin-oxide (ITO) coated quartz sub-
trate by a spin-coating method from ethanol solution. Poly(methyl
ethacrylate) (PMMA) film was deposited on the N719 solid film.

ample (II), which was the film composed of TiO2 and N719, was
repared by using a standard method reported elsewhere [5]. A
aste composed of TiO2 nanoparticles (size ∼15 nm)  was  coated on

 TiCl4-treated FTO glass substrate with one screen-printing layer.
fter a programming sintering process, the post-treatment of TiCl4
as imposed to the TiO2 film (thickness 3.5 �m)  and sintered again

t 500 ◦C for 30 min. After cooling in air, the sintered TiO2 films were
mmersed into N719 dye solution (0.3 mM in acetonitrile and tert-
utanol with equal volume ratio) at 25 ◦C for 2 h for dye loading
nto the surface of TiO2. After solvents were evaporated, a PMMA
lm was deposited on the N719/TiO2 films by the spin-coating
ethod. In both samples (I) and (II), the thickness of PMMA  films
as typically 0.5 �m,  which was measured with an interferometric
icroscope (Nano Spec/AFT010-0180, Nanmetric). A semitranspa-

ent aluminum film (Al) was deposited on the PMMA films in both
amples by a vacuum vapor deposition technique. ITO or FTO and
l were used as electrodes in the electroabsorption (E-A) measure-
ents. Since N719 on the surface of TiO2 is covered by a PMMA

lm in sample (II), it is not necessary to consider the desorption of
719 from the TiO2 surface during the optical measurements.

Polarized E-A spectra were measured with electric-field mod-
lation spectroscopy under atmospheric conditions with magic
ngles between the direction of applied electric field and the elec-
ric vector of the excitation light [27]. A convergent light beam from
he xenon lamp of JASCO FP-777 spectrometer was collimated with

 pinhole having a diameter of 1.4 mm and with a lens having focal

ength 20 mm and directed through a 10 mm aperture �-barium
orate (BBO) polarization prism and through the sample slide to
n external photomultiplier. A rotator stage was used for varying
he angle between the polarization direction of the excitation light
line, sample (I)) and on TiO2 particles (thick solid line, sample (II)). The absorption
intensity is normalized to unity at the peak around 500–600 nm.

and the direction of applied field. A signal from the photomultiplier
was amplified and divided into two  channels. The DC  component
directly collected with a computer, and the ac component syn-
chronized with the applied ac voltage was  recorded with a lock-in
amplifier (SR830, SRS). The amplitude and phase signals from the
output of lock-in amplifier at the second harmonic of the mod-
ulation frequency (�I(2v)) were digitized and recorded, together
with the dc component of transmitted light intensity. The change
in absorption intensity, i.e., �A, caused by the applied electric field
is defined as �A  = −(2

√
2/ ln 10)�I(2v)/I where the factor 2

√
2

converts the value of measured rms  signal to its equivalent dc
signal, I and �I  represent the transmitted light intensity and its
field-induced change, respectively.

3. Results and discussion

Fig. 1 shows the absorption spectra of N719 dye under differ-
ent conditions. The absorption spectra of N719 in ethanol solution
shows bands having a peak at 521 and 381 nm, which are hereafter
denoted by Bands 1 and 2, respectively. These bands are assigned to
the metal-to-ligand charge transfer (MLCT) bands, and their loca-
tions depend significantly on the environment. For example, Band
1 is red-shifted by 36 and 22 nm,  respectively, in sample (I) and
in sample (II), respectively, in comparison with the corresponding
band in ethanol (see Table 1). The N719/TiO2 surface is covered
by a PMMA  film in sample (II), and the N719 thin solid film is
Band 2 398 −10.8 ± 0.8 0 20.0 ± 1.0

N719 in EtOH
Band 1 521 – – –
Band 2 381 – – –
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Fig. 2. (a) Absorption spectrum of N719 solid film (sample (I)), (b) the first and sec-
ond derivatives of the absorption spectrum, (c) E-A spectrum (shaded line) observed
with a field strength of 1.0 MV cm−1, and simulated spectrum (dotted line).

Fig. 3. (a) Absorption spectrum of N719 on TiO2 (sample (II)), (b) the first and second
derivatives of the absorption spectrum, (c) E-A spectrum (shaded line) observed with
a  field strength of 0.2 MV  cm−1, and simulated spectrum (dotted line).
hotobiology A: Chemistry 288 (2014) 70–75

Figs. 2 and 3 show the absorption and E-A spectra of N719
of sample (I) and sample (II) in the range of 14000–28000 cm−1,
which were obtained with a field strength of 1.0 MV  cm−1 and
0.2 MV  cm−1, respectively. These E-A spectra were obtained at the
magic angle of � (=54.7◦); � is the angle between the direction of
applied electric field and the electric vector of the incident light.
The first and second derivatives of the absorption spectra are also
shown in these figures.

In the presence of applied electric field (F), the shift of the tran-
sition energy (�E) is related to the difference in dipole moment
(��) and molecular polarizability (�˛) between the excited state
and the ground state; �E  = −�� · F − F · �˛ · F/2, where �� and
�  ̨ are given by �e − �g and ˛e − ˛g, respectively, with the electric
dipole moment and molecular polarizability in the ground state,
i.e., �g, ˛g, and in the excited state, i.e., �e, ˛e. The electric field
dependence of the transition moment can be written as:

dF = d + X · F + F · Y · F (1)

where d is the transition moment vector in the absence of F, and X
and Y are the transition moment polarizability and hyperpolariz-
ability tensors, respectively. By assuming an isotropic distribution
of the molecules in the absence of F, the intensity of the E-A spec-
trum at wavenumber, �, observed at the second harmonics of the
modulation frequency, i.e., �A(v), is given by the following equa-
tion [28–31]:

�A(v) = (fF)2

[
A�A(v) + B�v

d

dv

{
A(v)

v

}
+ C�v

d2

dv2

{
A(v)

v

}]
(2)

where f is the internal field factor. The coefficient A� depends both
on the field-induced change in transition moment and on the field-
induced orientation. The coefficients B� and C� correspond to the
spectral shift and the spectral broadening of absorption spectra,
which mainly results from �˛  and ��, respectively, between the
ground and excited states. By assuming that molecules are fixed in
immobilized film, the coefficients for the magic angle of � (=54.7◦)
are given as follows:

A54.7 = 1
3|d|2

∑
i,j

X2
ij + 2

3|d|2
∑

i,j

diY
2
ijj (3)

B54.7 = � ¯̨
2hc

+ 2
3hc|d|2

∑
i,j

diXij��j (4)

C54.7 = 1
6h2c2

|��|2 (5)

where �i and di are the vector components of the electric dipole
moment and transition moment, respectively, along the molecular
axis, � ¯̨  is the average of the trace of �˛, h is Planck’s constant,
c is velocity of light, Xij and Yijk are the tensor components of X
and Y, respectively. If the magnitude of �� following the optical
absorption is significant, the presence of electric field will broaden
an isolated transition, giving rise to the E-A spectrum, the shape of
which is the second derivative of the absorption spectrum. If the
magnitude of � ¯̨  is significant, the shape of the E-A spectrum is
the first derivative of the absorption spectrum, resulting from the
spectral shift upon application of F. The values of |��|(≡ ��) and
� ¯̨  can be obtained from the analysis of the derivative parts of
the E-A spectra. It is noted that plots of the field-induced change
in absorption intensity is proportional to the square of the applied
field strength, as expected from Eq. (2) (see Fig. 4).

As shown in Fig. 2, the E-A spectrum of N719 of sample (I) is

very similar in shape to the second derivative of the absorption
spectrum of MLCT band, indicating that the field-induced change
in absorption spectrum mainly come from �� following absorp-
tion to the excited states from the ground state. The fact that the
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Fig. 4. Plots of the electric-field-induced change in absorption intensity of 719 as a
function of the square of the applied electric field in a crystalline state, i.e., sample
(I)  (upper) and on the interface of TiO2 nanocrystals, i.e., sample (II) (lower). Mon-
itoring wavelength was  560 nm and 595 nm, respectively, where E-A signals show
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band maximum and the strong coupling, an ultrafast and almost
instantaneous electron injection from a nonthermalized singlet
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inimum and maximum, respectively. Dotted straight lines are guide to eyes.

eroth derivative component is negligible in the E-A spectra of
ample (I) indicates that the transition moment polarizability and
yperpolarizability are negligible in the N719 solid film. From the
econd derivative component of the E-A spectra, the magnitudes
f ��  following absorption of sample (I) have been determined
o be 7.0 ± 0.1 D and 10.0 ± 0.3 D, respectively, for Bands 1 and 2.
ctually, the first derivative component was necessary to repro-
uce the E-A spectra of Band 1, from which the magnitude of � ¯̨
as determined to be 9.0 ± 2.0 Å3. Note that it is assumed that the

nternal field factor f in Eq. (2) is unity and that the first term is
ominant in Eq. (4). The fitted spectrum of sample (I) is shown

n Fig. 2, together with the observed E-A spectrum. Each of the
rst and second derivatives of the absorption spectrum in the fit-

ed spectrum is shown in Fig. 5 to visualize the contribution of each
erivative component. It is noted that the E-A spectrum of Band 2 of

ig. 5. (Left) The first and second derivatives of the absorption spectrum (thick broke
pectrum of sample (I) (solid line). (Right) The zeroth, first and second derivatives of th
hich  contribute to the simulated E-A spectrum of sample (II) (thick solid line). Bands 1

o  the zeroth derivative components of Bands 1 and 2, respectively, is not contributed to 
hotobiology A: Chemistry 288 (2014) 70–75 73

sample (I) can be reproduced with only the second derivative of the
absorption spectrum.

E-A spectra of N719 of sample (II) are different from those of
sample (I), as shown in Fig. 3. The E-A spectra could be simulated
by a combination of the zeroth, first and second derivatives of the
absorption spectrum in both Bands 1 and 2. The fitted spectrum
of sample (II) is shown in Fig. 3, together with the observed E-
A spectrum. Each derivative component contributed to the fitted
spectrum is shown in Fig. 5. From the second derivative component,
the magnitudes of ��  were evaluated to be 11.0 ± 1.0 D in Band 1
and 20.0 ± 1.0 D in Band 2, respectively, in sample (II) (see Table 1).
Thus, the values of �� of N719 sensitized on TiO2 are much larger
than those in the solid film, indicating that the attachment of N719
to TiO2 increases the charge transfer character of the photoexcited
state. It should be stressed that the quantitative evaluation of the
charge-transfer character in the photoexcited state thus obtained
from the E-A measurements cannot be done by transient absorption
spectroscopy and IR spectroscopy without application of electric
fields. The significant contribution of the zeroth derivative com-
ponent in the E-A spectra indicates that the transition moment of
sample (II) is well affected by application of electric fields, resulting
from the significant increase of the transition moment polarizabil-
ity and/or hyperpolarizaiblity by adsorption of N719 to TiO2 (see
Eq. (3)). Unfortunately, however, each tensor component of these
polarizabilities could not be deduced in the present study.

Electron injection from dye sensitizer to TiO2 nanoparticles
plays a significant role in DSSC following the charge separation in
the photoexcited state. The enhanced charge-separated character
of photoexcited states can be attributed to the interfacial charger
transfer from N719 to TiO2, which makes N719 a suitable dye sensi-
tizer in DSSC because of its excellent electron injection. The present
results are similar to the systems of FeII(CN)6

4− donor complex and
coumarin-343 bound to the surface of TiO2 [20,23].

The absorption spectrum and the alignment of ground and
excited state energies investigated by the high level DFT/TDDFT
calculation have been reported by Angelis et al. [19] for N719
adsorbed on TiO2 surface, i.e., with a model of (TiO2)82 cluster.
The visible absorption centered at around 530 nm,  that is, Band 1
in the present study, was  suggested to induce a strong coupling
between dye and TiO2 unoccupied levels to form the combined
system’s excited state, where the excited electron is already
delocalized into the semiconductor. Considering the high density
of unoccupied TiO2 state in corresponding of the visible absorption
state reached by optical transition of Band 1 was  predicted, in
agreement with the present results.

n line and thin dotted line, respectively), which contribute to the simulated E-A
e absorption spectrum (thin solid line, broken line and dotted line, respectively),

 and 2 are separately simulated in both cases. Thin dotted line, which corresponds
the simulated spectrum in sample (II).
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According to the calculation [19], the lowest excitation is
ocated at 649 nm,  with a sizable oscillator strength. In fact, weak
bsorption band is observed as a shoulder in the absorption spec-
rum at ca. 680 nm (ca. 14,710 cm−1) in sample (I) and 660 nm (ca.
5,160 cm−1) in sample (II), as shown in Figs. 1–3. The strong cou-
ling between dye and TiO2 was also considered in the excited state
eached by absorption of this band, and an ultrafast electron injec-
ion was suggested following optical excitation of this band [19].

hen the E-A spectra given in Figs. 2 and 3 are carefully watched
rom this point of view, it is realized that a minimum is located at
80 and 660 nm in the E-A spectra of samples (I) and (II), respec-
ively, implying the presence of the E-A band given by the second
erivative of the weak absorption band given by a shoulder, which

s hereafter called as Band X. These results suggest that the change
n electric dipole moment is induced by excitation of Band X, sim-
lar to Bands 1 and 2. Since the weak absorption intensity of Band

 could not be determined precisely, the magnitude of ��  could
ot be determined for Band X. As far as the second derivative of
he absorption spectrum is compared with the E-A spectrum in the
ow wavenumber region, however, the signal intensity of the sec-
nd derivative component of sample (II) looks much larger than
hat of sample (I). In comparison with sample (I), for example, the

inimum of Band X in the second derivative spectra is not clear
n sample (II), whereas the minimum is so clear in the E-A spec-
rum, implying that the magnitude of �� of Band X in sample (II)
s larger than the corresponding one in sample (I), as in the case
f Bands 1 and 2. With excitation at Band X, therefore, the excited
lectron is considered to be delocalized into the semiconductor, as
uggested by the theoretical calculation [19]. Thus, a fast electron
njection is considered to occur directly from the state reached by
ptical excitation, irrespective of the excited bands.

The E-A spectra of alizarin, which can be served as a light
bsorber in model systems designed for the new type solar cells,
ere reported both free in solution and adsorbed to TiO2 nanoparti-

les [21]. The aim of the experiments was to examine whether the
lectronic distribution of the photoexcited alizarin/TiO2 extends
nto the solid and involves the contribution of the Ti atom or it
emains localized within the alizarin molecules. The results were
btained that the magnitude of �� of alizarin adsorbed on TiO2
as much larger than that of the free molecules in ethanol solution,

imilar to the present results of the N719/TiO2 system. However,
he large value of ��  of adsorbed alizarin was explained by the
nteraction of the adsorbed dye with the electric field generated by
harged nanoparticles, not by the alizarin-to-TiO2 charge transfer
haracter. In the present results, it is also necessary to consider the
nternal electric field effect of TiO2, because the internal field fac-
or f was assumed to be unity to determine the magnitudes of ��
nd � ¯̨ . As shown in Fig. 1 and Table 1, the absorption spectrum of
he N719/TiO2 film exhibited a blue-shift in comparison with the
pectrum of the N719 solid film, i.e., sample (I), suggesting that the
ocal field of TiO2 is smaller than that of N719 crystals. Therefore, it
s unlikely that the present result that �� of the N719/TiO2 film is

uch larger than that of N719 solid film comes from the local field
ffect. As already mentioned, the electron injection occurs follow-
ng photoexcitation of the locally excited state of the dyes which
cquire interfacial charge transfer state character through binding
f N719 to TiO2 surface. The fact that the electric field effect on
ransition moment is very significant for N719 adsorbed on TiO2,
ut not for N719 solid film, also indicates the strong interaction
etween N719 and TiO2 on the N719/TiO2 interface.
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