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Three organic donor-m-acceptor dyes 1-3 used for dye sensitized solar cells (DSSCs) with difference only
in 7 spacer sequence were investigated via density functional theory (DFT) and time-dependent DFT
calculations to shed light on how the 7 conjugation order influence the performance of the dyes. Key
parameters in close connection with the open-circuit photovoltage (Vo) and the short-circuit current
density (Jsc), including (i) light harvesting efficiency (LHE); (ii) injection driving force (AGipject.); (iii)

reorganization energy (Areorg); (iv) number of photoinjected electrons (n,n;j); (v) the extent of charge
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recombination, and (vi) vertical dipole moment (lnormal), Were discussed. The theoretical results reveal
that compared with dyes 1 and 2, dye 3 has the largest V,. due to its largest ppormal and the slowest
charge recombination. This conclusion is in good accordance with the experimental results and the
theoretical criteria we used would be useful to design and fast screen other organic dyes.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Pure metal free organic dye sensitized solar cells (DSSCs) have
received significant attention due to the low cost of the raw
materials and comparable power conversion efficiency compared
to the conventional ruthenium cells [1—11]. So far, DSSCs based on
metal-free organic dyes can produce the photo-to-current conver-
sion efficiency (n) up to 10% under standard AM 1.5 sunlight [12],
which is still lower than the crystalline Si-based and inorganic thin
film solar cells. Thus, lots of scientists are still working on pure
metal-free organic DSSCs to improve their efficiency and thus to
realize large-scale commercial production [13—20].

The most extensively studied organic dyes usually adopt the
donor—m spacer—acceptor (D-7-A) structural motif, which exhibit
several advantages over coordination complexes: high molar
extinction coefficients, low cost of production, and an extraordinary
diversity [21]. In this structure, after photoexcitation of the dyes,
there would be intramolecular charge transfer from the donor to
the acceptor fragment, generating electron—hole separation with
the right directionality for posterior electron injection to the
conduction band of the semiconductor. In principle, rational and
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judicious chemical modification of the individual units, including
the donor group, the molecular conductor, and the acceptor group,
is desirable to improve the performance of the organic dyes due to
their tuned redox and absorption properties. In this context,
enormous effects have been devoted to the exploration of various 7
conjugated spacers in D-m-A dyes [16,20,22—25]. Thiophene and its
derivatives have been proved to be good 7 conjugated spacers to
boost light harvesting efficiency of the dyes and to be eminent
building block commonly used in high-performance carrier trans-
port materials [20,26—29]. At the same time, elongation of the
conjugated system is also efficient in broadening the dyes’
absorption spectra. Thus, numerous attempts have been devoted to
combine these two strategies together to optimize the performance
of the dyes maximally. However, this tactic raises an important
issue to be resolved, i.e. how to combine the multiple segments of
the m conjugation linker to achieve high-performance dyes. Will
the topology of 7 spacer exert dramatic effects on the performance
of the dyes, and what extent it is? There is no doubt that the
theoretical methods manifest themselves as a reliable and suitable
avenue to resolve this problem, saving economical cost and
synthesis effort.

In this paper, three organic dyes 1-3 with difference only in
spacer sequence shown in Fig. 1 were investigated through density
functional theory (DFT) and time-dependent DFT (TD-DFT) calcu-
lations. As shown in Fig. 1, the three dyes have same donor
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Fig. 1. Molecular structures of studied organic dyes 1-3.

(triphenylamine) and acceptor (2-cyanoacrylic acid) groups, which
has proven to be one of the most successful patterns of choice as D
and A moieties in D-mt-A dyes. Two 3-methylthiophene segments
and one methyl-substituted cyclopentadithiophene unit with three
possible orders were served as m-linker in the dyes. The dyes we
studied here are simplified model of C227, C226 and C225 dyes
synthesized by Wang et al., [30] in which the long alkyl chains at 7t-
linker were replaced by methyl groups and the alkoxy groups at the
donor were replaced by methoxy groups, which could not affect the
electronic properties of the dyes. Theoretical calculations on key
parameters controlling the open-circuit photovoltage (V,.) and the
short-circuit current density (Jsc) were performed to shed light on
how and why the conjugation sequences of the 7 spacer affect the
performance of the dyes. And these parameters are: (i) light har-
vesting efficiency (LHE); (ii) injection driving force (AGipject.); (iii)
reorganization energy (Areorg); (iv) number of photoinjected elec-
trons transferred from the dye to the semiconductor (n,p;); (v) the
extent of charge recombination between the photoinjected elec-
trons in the conduction band of semiconductor and the electron
acceptors in the electrolyte, and (vi) vertical dipole moment (jinor-
mal)- These theoretical criteria have been successfully used to
evaluate the performance of the dyes used in DSSCs [4,31—-35]. We
hope our work could facilitate the future experimental studies to
design and fast screen new efficient organic dyes.

2. Computational details

All the calculations were performed with the Gaussian 09
program package [36]. The structure optimization of the ground

state of the dyes before and after binding to (TiO3)g cluster in gas
phase have been performed at B3LYP [37] level, 6-31G* for non-
metal atoms while LANL2DZ basis set for Ti atom. Frequency
calculations were performed at the same levels of theory as
geometry optimization to confirm that the stationary of all the
optimized geometries. The optical excitation and absorption
spectra of the dyes before and after binding to (TiO3)g cluster
were simulated by TD-DFT in conjunction with a conductor-like
polarizable continuum model (CPCM) [38,39]. With the aim of
checking the reliability, we use a variety of different XC func-
tional, including B3LYP [37], PBEO [40], BHandHLYP [41], and
CAM-B3LYP [42] in TDDFT within the adiabatic approximation to
evaluate the effect of different functional on the transition
energies on the basis of the optimized ground state structure.
Comparison between computational and experimental absorp-
tion spectra of the dyes, showed that the results given by the
combination of TD-BHandHLYP with 6-31G* are in good agree-
ment with the experimental values. The natural population
analysis (NPA) [43] for organic dyes was performed to reveal the
impact of the conjugation order on the V. of the cell by evalu-
ating the number of photoinjected electrons in the conduction
band. To evaluate dye—iodine interactions, additional DFT
calculations were performed by the MO06-2X functional [44]
using LanL2DZ basis set for I atom and 6-31G* basis set for
other atoms. Basis set superposition error (BSSE) to the binding
energies was done by using the counterpoise (CP) method
[45,46].

3. Results and discussion

3.1. Conjugation order effect on the short-circuit current density

Use)

To preliminarily appraise the impact of the conjugation order on
the Js, we first simulated the absorption spectra of the dyes before
and after binding to (TiO)g cluster to compare with the solar
spectrum to determine the ability of light harvesting under TD-
CPCM-BHandHLYP/6-31G* for non-metal atoms and LANL2DZ for
Ti atom level on the basis of the optimized structures. For the short-
circuit current density Jsc in DSSCs, it is determined as:

Jse = / LHE() Pinjece Ncottect. d (1)
4

where LHE(1) is the light harvesting efficiency related to the
oscillator strength (f) at a given wavelength. While the larger f, the
stronger LHE, due to the relationship of LHE = 1-10~ [47]. Many
theoretical and experimental studies have demonstrated that the
dye adsorption process onto the semiconductor is extremely
complicated, produces a reorganization of the electronic states.
This fact introduces important changes in the electronic absorption
spectra. Therefore, it is necessary to consider the semiconductor
effect explicitly on the absorption spectra of dyes in the model.
Concerning the rationality of the TiO, model we adopted, although
it may be a little simplification to simulate the effect of the semi-
conductor fully as compared to the commonly used (TiO)sg cluster,
Sanchez-de-Armas and Sanz et al. [48—50] have demonstrated it is
large enough to reproduce adequately the electronic absorption
spectra of some similar dye-TiO, systems by checking different
sizes of TiO, clusters. Thus, in view of the good compromise
between accuracies and computational efforts, we used the semi-
conductor model proposed by Sanchez-de-Armas and Sanz et al. to
evaluate the influences of semiconductor on absorption spectra and
the number of photoinjected electrons. The geometries of the
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Fig. 2. Optimized molecular structures of dyes 1-3 before and after binding to (TiO,)y cluster in gas phase under B3LYP with 6-31G* for non-metal atoms and LANL2DZ for Ti atom

level.

(TiO3)9 cluster was taken from reference [49], and the optimized
structures of the free dyes and dye-(TiO;)g clusters are shown in
Fig. 2. In addition, as we all know that there are several adsorption
configurations possible when the dyes adsorb on the TiO, surface
through the —COOH group, including molecular adsorption and
dissociative adsorption. Fourier transform infrared experiments for
the similar systems have demonstrated that carboxylic acid group
is deprotonated when the dyes adsorb [51,52]. For dissociative
adsorption, including chelating and bridging type, Sanchez-de-
Armas and Sanz et al. have also demonstrated that the bidentate
chelating adsorption mode is more energetic favorable by geometry
optimization of the dyes adsorbed on a (TiO;)9 cluster in both
bidentate chelating and bridging configurations for the similar
systems [49]. Thus, we adopt this mode to investigate the corre-
sponding properties of the dyes after adsorption.

It is well known that the judicious choice of functional is crucial
to describe accurately the absorption of D-7-A organic dyes with
non-negligible charge transfer (CT) character [15,53,54]. Hence,
four different exchange-correlation functionals were tested to see
the functional influence on the vertical transition energy of dye 2,
including three hybrid functionals (B3LYP, PBEO and BHandHLYP)
with increasing amount of Harteree-Fock (HF) exchange and long-
range-corrected version of B3LYP using the Coulomb-attenuating
method (CAM-B3LYP). The calculated results and corresponding
experimental values are listed in Table 1. For the hybrid functionals,
BHandHLYP which has larger HF exchange (50%) does better than
PBEO (25%) and B3LYP (20%), with the discrepancies of 0.02 eV
compared with experiment results. This conclusion is in good
agreement with what has been reported by Tretiak and Magyar, i.e.
hybrid functionals with large fraction of HF exchange give a good

Table 1
The effects of functional on the estimated vertical excitation energy (Ex, eV) of dye 2
with 6-31G* basis set in chloroform solution.

Functional CAM-B3LYP BHandHLYP PBEO B3LYP Exp?
Ex 2.27 2.20 1.82 1.69 2.18

¢ Experimental values measured in chloroform solution from Ref. [30].

description of the intramolecular charge-transfer states [55]. On
the other hand, the long-range-corrected CAM-B3LYP, which has
been wildly used to describe the intramolecular charge-transfer
states of organic dyes [34], also provide a reliable results with
discrepancies of 0.09 eV. Thus, after checking the reliability of
a variety of different XC functionals on the transition energies, we
adopted the BHandHLYP functional under 6-31G* level including
CPCM solvent effects in the following for investigating optical
properties of the three dyes. The calculated maximum absorption
wavelengths (Amax), oscillator strengths (f), light harvesting effi-
ciency (LHE), transition natures, and the corresponding experi-
mental values of dyes 1-3 are summarized in Table 2. It is obvious
that the calculated Anax of the three dyes agrees well with the
experimental results with discrepancies by about 0.1 eV. The f is
also in the same trend with the molar extinction coefficient (¢), i.e.
dyes 1 and 2 have similar fand smaller than that of dye 3. This good
agreement confirms again the reliability of the used methods. In
general, in a real DSSC device, the most commonly used electrolyte
is acetonitrile solution, thus, we also simulated the electronic
absorption spectra of the dyes in acetonitrile solution to see the
solvent effects and the corresponding calculated results are listed in
Table S1(ESI). Compared with chloroform solution, there is little
difference on the electronic absorption spectra of the dyes, no
matter on the transition energy or the f and the main configura-
tions. For the three dyes, the strongest absorption peaks arise from
So— 'S4, as shown in Fig. S1 (ESI),7 which correspond to the domi-
nant promotion of an electron from HOMO to LUMO, together with
the minor promotion from HOMO-1 to LUMO. From Table 2 we
could find that the conjugation order could have influence on both
the CT transition absorption wavelength and corresponding molar
extinction coefficient. Fig. 3 shows the frontier molecular orbitals of
free dyes 1-3 obtained from CPCM-BHandHLYP/6-31G* in aceto-
nitrile solution. For these three dyes, the highest occupied molec-
ular orbitals (HOMOs) are spread over triphenylamine and
conjugation spacer moiety, whereas the lowest unoccupied
molecular orbitals (LUMOs) are mainly localized on conjugation
spacer moiety and 2-cyanoacrylic acid fragments. The anchoring
group (—COOH) of the three dyes has sizable contributions to the
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Table 2

Calculated maximum absorption wavelengths (Amax), 0scillator strengths (f), light harvesting efficiencies (LHE), transition natures and corresponding experimental results of

organic dyes in chloroform solution under TD-CPCM-BHandHLYP/6-31G* level.

Dye Amax NM/eV Amax® NM/eV f LHE gM~Tem! (x10%)? Main configurations

1 560/2.22 571/2.17 2.32 0.995 3.92 HOMO-1—-LUMO (0.18), HOMO — LUMO (0.69)
2 563/2.20 570/2.18 2.31 0.995 4.30 HOMO-1—LUMO (0.18), HOMO — LUMO (0.71)
3 547[2.27 545/2.28 2.54 0.997 4.65 HOMO-1— LUMO (0.22), HOMO — LUMO (0.67)

¢ Experimental values measured in chloroform solution from Ref. [30].

LUMOs, which could lead to a strong electronic coupling with TiO;
surface and thus boost the electron injection efficiency. The frontier
molecular orbital spatial distributions indicate that their excited
states are of vectorial charge-transfer (CT) transition character,
which has been proved to be beneficial for the ultrafast interfacial
electron injection from the excited state of the dye to the conduc-
tion band (CB) of TiO,, and could also slow down the recombination
between the injected electrons in TiO, with the oxidized dye. In
view of the multi-configuration character of excited states, the
electronic density differences between the ground state and the
first excited state were plotted using GaussSum 2.2 [56] (shown in
Fig. 3) to assign the character of excited states unambiguously.
Obviously, the decreasing electron density mainly localizes on the
electronic donor and conjugation spacer segment, while the
increasing electron density mainly localizes on the conjugation
spacer and electronic acceptor, which is indicative of an intra-
molecular CT when the transition occurs, agreeing well with the
electronic structure analysis discussed above.

As we all know, the absorption spectrum properties could be
affected when the dyes adsorb onto the semiconductor due to the
interaction between the dyes and the semiconductor. Compared
with the absorption properties of the free dyes, we prefer to get
insight into the corresponding properties of the dyes after binding
to semiconductor. Thus we also simulated the UV/Vis absorption
spectra of the three dyes after binding to (TiO3)g cluster at the same
level of theory for the free dyes except that the LANL2DZ basis set

jm.o ?”;% iﬂgﬁg‘?

'

‘;ma’i;j;m .

HOMO-1

was used for Ti atom. The results are listed in Table 3. Apparently,
after binding, the maximum absorption wavelengths are red shif-
ted, and f were improved due to the interaction between the dyes
and the semiconductor comparing with the free dyes. The electron
density difference maps also demonstrate that there are charge
transfer from the donor part to the acceptor (TiO;)9 when transition
occurs due to the electron density distributions on the (TiO3)g
cluster. After binding to the semiconductor, the three dyes have
similar LHE as listed in Table 3.

According to the parameters affecting Jsc, we know that besides
the LHE, the electron injection efficiency Pinject. could also influence
Jse, which is closely related to the driving force (AGipject.) of the
electron injection from the photoinduced excited states of organic
dyes to semiconductor surface. In general, the larger AGipject., the
larger ®jpject., and it (in eV) can be expressed as [57]:

AGinjectA = Edye* —Ecp (2)

where Ecg is the reduction potential of the conduction band of the
semiconductor, which is sensitive to the conditions, and the
experimental value —4.00 eV(vs. vacuum) are wildly used [58].
E%e* s the excited state oxidation potential of the organic dye. It is
generally accepted that the electron injection from the photoin-
duced excited states of organic dyes to the semiconductor occurs
before the vibrational relaxation [59—61]. Hence, E%¥®* is deter-
mined by the redox potential of the ground state of the dye (E¥®),

Fig. 3. a) Frontier molecular orbitals of free dyes under TD-CPCM-BHandHLYP/6-31G* level in acetonitrile with isodensity surface of 0.02 au and b) the electronic density differences
maps (EDDM) between the ground state and the first excited state with isodensity surface of 0.0002 au.
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Table 3

Computed maximum absorption wavelengths (Amax/nm), oscillator strengths (f), transition natures and the electron density difference maps of dye-(TiO5)q9 clusters corre-
sponding to Sp— S; in acetonitrile solution under TD-CPCM-BHandHLYP with 6-31G* for non-metal atoms and LANL2DZ for Ti atom level.

Dyes Main configurations® Amax LHE So—S:°
'w,:’ . N
1 HOMO-1—LUMO (0.17) HOMO — LUMO (0.70) 617 2.60 0.997 * J‘ 3 '&'
5%
]
e 4 i
‘J’! ) ‘_3.
2 HOMO-1—LUMO (0.20) HOMO — LUMO (0.69) 616 2.67 0.998 ‘j,. g 4 e
2 :
F %?
Y w oy
o) ay A I - °
2104020020,
3 HOMO-1—LUMO (0.24) HOMO — LUMO (0.64) 594 2.96 0.999 bA X ( Yt ] ’ . "
-t} @,
~2 ’ ¢ N
4‘1)

@ Data in parentheses are main configuration contributions.

b The blue represents where the electrons are coming from, and the white represents where the electrons are going.

Table 4

Key parameters for deducing AGiyje. and corresponding experimental
values(V vs F¢[Fc) [30]. The calculated (B3LYP/6-31G*/acetonitrile) reorganization
energies is also reported.

Dyes Edye/ev Amax/ev Edye*/ev AGinjectulev Areorg/ev
1 4.75 (0.21) 2.01 2.74 -1.26 0.219
2 4.78 (0.24) 2.01 2.77 -1.23 0.206
3 4.82 (0.29) 2.09 2.73 -1.27 0.183

and the vertical transition energy (Amax), i.e. EWVe" = Edve _ ).y
[57]. For E%¥¢, it was evaluated at CPCM-(U) B3LYP/6-311G** level
with the geometry of optimized organic dyes adsorbed on (TiO3)g
cluster. Here key parameters for deducing AGipject. and available
experimental values are listed in Table 4 to see the conjugation
order impacts on the ®jyjec. Of the dyes. We could find that the
calculated ground state oxidation has the same trend with the
experimental values and these three dyes has similar driving force
(—AGinject.) as listed in Table 4, i.e. the conjugation order has almost
no effects on the driving force. Thus, just from LHE and driving force
related to Js,, we could expect that the cell based on these three
dyes should have similar Jsc due to the similar LHE and injection
driving force. However, the reported Js. decrease in the order of 2
(151 mAcm2) = 3(140 mAcm %) > 1(12.3 mA cm™2) [29], dye 1
exhibit smaller Js albeit similar Jsc and AGijpject. as dye 2 and 3. On
the basis of the Marcus electron transfer theory [62,63], we know
that besides the reaction free energy, the reorganization energy
Areorg could also affect the kinetics of electron injection. The
calculated Areorg Of the three dyes are also listed in Table 4. The
largest reorganization energy of dye 1 (0.219 eV) despite the similar

Table 5

driving force might explain the lower yield of electron injection
measured by the time-correlated single photo counting technique
in the experiment. Thus we could get a conclusion that the smaller
Jsc of the cell utilizing dye 1 measured in experiment was in part
due to its lower yield of electron injection, owing to its largest
reorganization energy.

3.2. Conjugation order effect on the open-circuit photovoltage (V,c)

Concerning the impact of the conjugation order on the V. of the
cell, we first calculated the NPA charge distributions of dye-(TiO;)g
at both ground state and first excited state at CPCM/B3LYP/6-31G*
for non-metal atoms and LANL2DZ basis set for Ti atom level
using NBO 3.1 implemented in Gaussian 09 to qualitatively or semi-
quantitatively determine the number of photoinduced electron
(nc,inj) from the excited dye to (TiO2)g. As for Vi in DSSC, it can be
determined by [64]:

E. kT ( ne ) Ered
Voo = =4 —In| —— | —-fedox 3
“ " q q \Nw q G)

In Eq. (3), kT and q are constants, represent the thermal energy
and the unit charge, respectively. Ereqox iS the electrolyte Fermi-
level and Ncp is the accessible density of conduction band states
(7 x 10%° cm~3) [65]. Here we assume that they are constant, too.
E. is the conduction band edge of semiconductor, and n. is the
number of electrons in the conduction band, and can be affected
by electron photoinjection and electron recombination in an
opposite way. Apparently, n. is a key parameter determining V.
The results are listed in Table 5. It is obvious that although they

Calculated atomic charge distribution (in e) of the donor, 7 spacer, acceptor and (TiO;)q of the three dyes after binding with the NBO method under (TD)-CPCM-BHandHLYP

with 6-31G* for non-metal atoms and LANL2DZ for Ti atom level.

Dyes So S1 Aq

D n A (Ti0,)o D . A (Ti0)s
1 0.027 0.284 —0.689 0.378 0.120 0.408 -0.872 0.344 0.034
2 0.035 0.271 -0.685 0.379 0.105 0.415 —0.864 0.344 0.035
3 0.041 0.308 -0.720 0371 0.109 0.415 —0.865 0.341 0.030
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Fig. 4. Optimized molecular structures of the dyes—I, complex under M062X/6-31G* (LANL2DZ basis set for I atom) level.
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have different conjugation order, they have similar photoinjected
Nc,inj.

Iilowever, from the operation mechanism of the cell, we know
that the injected electrons in the CB of the semiconductor could
also recombine with the oxidized organic dyes and the redox
couple in the electrolyte, and the latter one is the main route of
electron photovoltage losses [30,66], leading to decreased n,
exerting detrimental effect on the V.. In order to gain insight into
the conjugation order effects on the recombination kinetics of the
cell, we also investigated the dye—I, interaction, which could affect
the local concentration of the electron acceptors (I2) near the
semiconductor surface. The higher iodine concentration in the
vicinity of dye coated TiO, surface, the shorter electron lifetime in
the CB and thus the more accelerated interfacial charge recombi-
nation. Nitrogen and sulfur atoms in the organic dyes could form
the halogen bonding through a non-covalent interaction, and the
formation of dye—I, complex has also been reported in the exper-
iment [67]. It is worth noting that I3 could also accept the electrons
in the TiO; besides I, while Green et al. [68] have demonstrated
that the rate of electron recombination with I, is 2 order of
magnitude faster than with I3, thus here we consider I as the main
electron acceptor for electron combination in the electrolyte. The
optimized geometries of the dye—I, complex under M06-2X/6-
31G* (LANL2DZ basis set for I atom) level [44] in gas phase are
listed in Fig. 4. The binding energies, after basis set superposition
error (BSSE) correction, of I, with different electron donor sites on
these molecules were then calculated to determine the preferred
binding site and are listed in Fig. 4. For each dye, the S atoms are
labeled as Sy, Sy, S3 and S4 in turn from the acceptor toward the
donor part. It is obvious although the conjugation order changed,
the most preferred binding site for each organic dye is the same, i.e.
dye-CN-I has the largest binding energy for each dye as listed in
Fig. 4. For both dye 1 and dye 2, we could find that the binding
energy of dye-CN-I is significantly larger than that of other site.
While for dye 3, the binding energies of 3-S3-I, (—6.53 kcal/mol)
and 3-S4-I (—6.41 kcal/mol) are slightly smaller than 3-CN-I
(—6.73 kcal/mol). It is reasonable to expect that compared with dye
1 and dye 2, dye 3 should have the smallest iodine concentration
around the most preferred binding site (CN), when the dyes were
anchored on the semiconductor surface through the carboxyl,
because S3 and S4 would also like to bond I, for the similar binding
energies as 3-CN-I. In addition, the second preferred binding site

for dye 2 is found to be at S4 with binding energy being significantly
larger than the rest of binding site; while for dye 1, besides the most
preferred binding site CN, sites Sy (—6.02 kcal/mol) and S4
(—5.79 kcal/mol) have similar binding energies and are larger than
that of Sy and Ss. In conclusion, we could expect that the iodine
concentration in the vicinity of the most preferred binding site (CN)
of dye 1, where the fasting electron recombination between elec-
tron in CB and electron acceptor in electrolyte occur, should be
smaller as compared to dye 2 because of relative more sites to bind
I, besides CN. As a result, we could infer that the order of the iodine
concentration around the most preferred binding site (CN) among
these three dyes is 3 < 1 < 2. As demonstrated by O’'Regan [69], we
know that the lifetime of electron in the CB is in the order of dye
3 > dye 1 > dye 2, which is in excellent agreement with the
experimental results (160 ms for 3, 70 ms for 1 and 22 ms for 2
[30]). Our calculated results suggest that the conjugation order do
exert significant influences on the charge recombination. And this
strategy has also successfully been used to account for the differ-
ence in the lifetime values of two coumarin dyes measured in the
experiment by De Angelis et al. [70]. Considering the effect of the
charge recombination mentioned above and similar photoinjected
N¢,inj collected in Table 5, the n, of the three dyes may be in the order
of dye 3 > dye 1 > dye 2.

In light of the equation determining V. discussed above, apart
from the n., E., which is sensitive to the condition, can also affect
the Vq.. It has been shown that the vertical dipole moment of the
adsorbed sensitizer can induce a shift in the conduction band edge
of semiconductor. The shift of E. is related to the dipole moment of
the dye follows as [71]:

ACB — _ qunormalY (4)
gpe€
here q is the electron charge, ¢ and ¢ are the permittivity of the
vacuum and the dielectric constant of the organic monolayer. vy is
the dye’s surface concentration, and pormal iS the component of
dipole moment of the individual molecule perpendicular to the
surface of semiconductor. It is generally accepted that the larger
Unormal Of the adsorbed molecules pointing outward the semi-
conductor surface, the larger V.. In this sense, normal Of the free
dyes were calculated under CPCM-B3LYP/6-31G* level at the
geometry of dyes adsorbed onto (TiO;)g cluster. Considering the
bidentate binding mode of the dyes, we made the C, axis of the

o
e,

*a

j :S:

L s

’ 2
o ® 4

aQ 2

Fig. 5. Calculated vertical dipole moment of dyes 1-3 at CPCM-B3LYP/6-31G* level in acetonitrile solution. The semiconductor surface is parallel to the yz plane.



320 J. Zhang et al. / Dyes and Pigments 95 (2012) 313—321

carboxylate in the dye parallel to the x-axis, and the semiconductor
surface is parallel to the yz plane. Thus the orientations of the dyes
after binding to semiconductor are simulated. And the dipole
moments along x-axis of the dyes are referred to as the ppormal. The
calculated results are shown in Fig. 5. The pyorma) of dyes decrease in
the order of 3 (17.1 D) > 2 (15.9 D) = 1 (15.7 D) as the conjugation
order changes. Thus combining the parameter determining V., i.e.
vertical dipole moment and the number of electrons in the
conduction band, dye 3 should have the largest V. because of its
largest |normal and the slowest charge recombination (vide supra),
in good agreement with the experimental results (770 mV for dye 3,
720 mV for dye 2 and 730 mV for dye 1 [30]).

4. Conclusions

The electronic structures, photophysic properties of three
organic dyes with only difference in the order of m-conjugation
spacer were investigated by DFT and TDDFT methods to see the
conjugation effects on the performance of the cell. From our
theoretical analysis, we found that for the dyes we studied, the
conjugation order had almost no effects on the light harvesting
efficiency, the electron injection driving force and the number of
photoinjected electrons, but influence the reorganization energy,
the vertical dipole moment and the extent of charge recombination
between the injected electrons in the conduction band and the
electron acceptors in the electrolyte. The smallest Js. of dye 1 could
be in part ascribed to the largest reorganization energy. On the
other hand, the largest vertical dipole moment and the slowest
charge recombination lead to the largest Vo of dye 3. These
calculated results are in good agreement with the experimental
evidence. The soundness of these theoretical criteria used to eval-
uate the performance of the organic dyes is further confirmed. It
also gives us the hint that the charge recombination should also be
taken into account besides the widely considered criteria to design
and screen of new efficient organic dyes for the experimentalist,
saving economical cost and synthesis effort.
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