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Abstract We report a DFT, TDDFT and DFTB investiga-
tion of the performance of two donor-rt-acceptor (D-71-A)-
type organic dyes bearing different electron-withdrawing
groups (EWQ) for dye-sensitized solar cells (DSSCs) to
evaluate which EWG is better for an acrylic acid acceptor,
i.e., Cyano (—CN) or o-nitrophenyl (0-NO,—Ph). A series of
theoretical criteria applied successfully in our previous work
to explain the different performance of organic dyes related
to open-circuit photovoltage (V,.) and short-circuit current
density (J;.) were used to evaluate the performance of the
dyes with just different EWG. Our calculated results reveal
that dye 2 with 0-NO,—Ph has a larger vertical dipole mo-
ment, more electrons transferred from the dye to the semi-
conductor and a lower degree of charge recombination,
which could lead to larger V,.; while the larger driving force
and comparable light harvesting efficiency could lead to
higher J. , highlighting the potential of 0-NO,—Ph as an
EWG in an acrylic acid acceptor.
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Introduction

As the global energy crisis and environment pollution
become more and more serious, sources of clean and
renewable solar energy have attracted tremendous atten-
tion from people all over the world. Dye-sensitized solar
cells (DSSCs) have emerged at this historic moment due
to their intriguing low-cost conversion of photovoltaic
energy compared with conventional silicon-based semi-
conductor photovoltaic devices [1-3]. As dyes are the
key component of a DSSC, dye optimization has become
an effective way to improve the performance of these
devices [4-6].

In general, mainly two types of dyes are used in DSSCs:
ruthenium (Ru) polypyridyl dyes and metal-free organic
dyes. Although the conversion efficiency of a cell based
on metal-free organic dyes has reached 10.3 % [7], it is still
lower than that of solar cells based on Ru complex photo-
sensitizers, which have achieved conversion efficiencies of
up to 11 % [8]. As a result, much effort has been done
focusing on metal-free organic dyes with a view to improv-
ing their efficiency considering their high molar extinction
coefficient, relatively low preparation costs and environ-
mentally friendly rules. Most reported organic dyes adopt
the donor—7t spacer—acceptor (D-7t-A) structural motif to
improve the efficiency of intramolecular charge transfer
(ICT) and thus enhance the efficiency of electron injection
from the excited dye to the semiconductor. This structural
motif is also very attractive due to the fact that its properties
are easily tunable through modification of each component,
i.e., donor, 7t spacer or acceptor part. In this respect, a mass
of organic dyes featuring various donors such as triphenyl-
amine (TPA) [9], carbazole [10], 7t spacer such as —-C=C-
chains [11], thiophene units (and derivatives) [12] and ac-
ceptor groups such as cyanoacrylic acid and rhodanine-3-
acetic acid [13] has been synthesized and tested with the
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purpose of improving the efficiency of the cell. With such a
wide spectrum of organic dyes, there is an urgent need to
clarify the structure—performance relationship to rapidly
screen efficient dyes. There is no doubt that quantum chem-
ical calculations manifest themselves as reliable and power-
ful tools to resolve this problem [14—16].

As we know, the acceptor group anchors the dye onto
the semiconductor surface directly and plays a key role in
dye anchoring, optical absorption, and electron-transfer
processes. It is also well known that cyanoacrylic acid
has been employed extensively as acceptor/anchor group
successfully in most D-7t-A dyes used at present, due to
its strong electron-withdrawing capacity and the steady
interaction with the semiconductor surface. This extensive
use of the cyano (—CN) group in DSSCs naturally raises
the question of whether —CN is the optimal electron-
withdrawing group (EWG) for the acrylic acid acceptor.
And, could any other EWG be used as an alternative? To
the best of our knowledge, only scant effort has been
devoted to replace —CN with other EWGs in an attempt
to improve the performance of these dyes, especially
when considering theoretical studies [17, 18]. Recently,
Han et al. [19] synthesized a series of triphenylamine-
bithiophene-based organic dyes with different EWGs, in-
cluding trifluoromethyl —CF;, o-nitrophenyl -0-NO,—Ph
and p-nitrophenyl -p-NO,—Ph, aiming to improve cell
efficiency. They found that the EWG could affect the
performance of the dye, and the cell sensitized by the
dye with -0-NO,—Ph showed the best performance, but
whether -0-NO,—Ph also performs better than the most
commonly used —-CN was not investigated in their studies,
which attracted our interest. In this work, we aimed to use
a series of theoretical criteria, which had been applied
successfully in our previous work [20, 21] to explain the
different performance of organic dyes related to open-
circuit photovoltage (V,.) and short-circuit current density
(Jso) through density functional theory (DFT) and time-
dependent DFT (TD-DFT) calculations, to evaluate the
performance of the dyes with —CN and -0-NO,—Ph as
the EWG (shown in Fig. 1), respectively. We hope that
increased understanding of the relationship between struc-
ture and performance will accelerate the design and

Fig. 1 Chemical structures and
geometries of dyes 1 and 2.
Geometries were optimized
under the level of B3LYP/6-
31G(d) in gas phase

G

EWG: —CN

@ Springer

Qo
N / S \ /N _coon
EWG

screening of dyes, yielding more efficient DSSCs for
experimentalists.

Computational details and theoretical methodology

Geometry optimization of the ground state of the pure dyes
was performed at B3LYP/6-31G(d) level in gas phase [22].
Frequency calculations were performed at the same level of
theory to confirm that the optimized geometry corresponds
to a stationary point. Linear response TD-DFT calculations
were performed with the conductor-like polarizable contin-
uum model (CPCM) [23, 24] for simulating the absorption
spectrum of the pure dyes using different XC functionals,
including pure functional PBE [25], BP86 [26, 27], global
hybrid B3LYP, B3PWO91 [22, 26] and BHandHLYP [28],
range-separated functional CAM-B3LYP [29], LC-BLYP
[30], M062X [31], wB97X [32] and wB97XD [33], and
the hybrid meta-GGA TPSSh [34]. The results given by TD-
CPCM-wB97X/6-31G(d) were in good agreement with
experimental values in terms of the functional test of the
transition energies based on the optimized ground state
structure (vide infra). And the test calculation of solvent
effects shown in Table S1 in the supporting information
confirmed that the solvent effects on the ground state
structure have only trifling indirect influences on the
transition energy. For the dye-(TiO,)¢ system, ground
state geometry optimization in the gas phase was per-
formed under B3LYP level with 6-31G(d) for non-metal
atoms and LanL2DZ basis set for Ti atoms, following
natural population analysis (NPA) to evaluate the number
of photoinjected electrons. As for dye-I, systems, basis
set superposition error (BSSE) to the binding energies
was calculated by using the counterpoise method after
optimizing the systems at M06-2X level with LanL2DZ
basis set for I atom and 6-31G(d) basis set for other
atoms. All the calculations discussed above were per-
formed with the Gaussian 09 program package [35]. As
for the geometry optimization of the ground state of
(TiO,);5 anatase cluster and dye-(TiO,);g systems in the
gas phase, self-consistent-charge density-functional tight-
binding (SCC-DFTB) theory [36] in the ADF package
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Table 1 Effects of the functional used on the lowest vertical excitation energy (Ex, eV) of 2 with the 6-31 G(d) basis set in acetonitrile solution.
Data in parentheses are the corresponding results calculated in gas phase

Functional PBE B3LYP B3PW91 BP86 LC-BLYP EXP*

Ex 2.21 (2.36) 1.97 (2.22) 2.01 (2.23) 2.32 (2.41) 3.06 (3.15) 2.98
Functional BHandHLYP M062X CAM-B3LYP TPSSh ®B97XD ®B97X
Ex 2.65 (2.76) 2.69 (2.80) 2.70 (2.80) 2.62 (2.73) 2.78 (2.88) 2.94 (3.03)

* Experimental values from [19]

[37-39] was adopted, taking advantage of the efficiency
of the DFTB method for optimizing large systems.

As we know, the energy conversion efficiency (1) of
DSSCs can be determined as:

VocJ sc

=FF
1 P inc.

(1)
where J. is the short-circuit current density, V. is the open-
circuit photovoltage, FF is the fill factor, and P, is the
intensity of the incident light.

Jse 18 determined as:

Jsc = /A LHE(ﬂ')@inj@Ctncollect.dﬂ' (2)

where Tonect. 18 the charge collection efficiency, for the
same DSSCs differing only in the dye, as is the case for
the organic dyes under study, it is reasonable to assume that
Neollect. 18 @ constant. LHE(A) is the light harvesting efficien-
cy related to the oscillator strength (f) at a given wavelength.
While the larger f, the stronger LHE [40]. ®iyjec; is the
electron injection efficiency, which is related to the driving
force (AGiyj) of the electron injection from the photoin-
duced excited states of organic dyes to the semiconductor
surface and the electronic coupling between the dye’s
LUMO and the semiconductor conduction band. In gen-
eral, the larger AGj,j and electronic coupling, the larger
the Pipjecr, and AGi,; (in €V) can usually be expressed
as [41]:

where E 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) is used widely
[42]. E%*" is the excited state oxidation potential of the
organic dye, which is determined by the redox potential of
the ground state of the dye (E%*°) and the vertical transition
energy (Auay), i.6., E?* = E® — 2. [41] when the electron
injection from the photoinduced excited states of organic dyes
to the semiconductor occurs before the vibrational relaxation
[43-45]. For E¥*, this was evaluated at CPCM-(U) B3LYP/6-
31G(d) for non-metal atoms and LanL.2DZ for Ti atom level
with the geometry of dye-(TiO,) cluster.
Voo in DSSC can be determined by [46]:

Ec kT ne Ere ox
= T (1) @
q9 9 Ncs q

In Eq. (4), kT and ¢ are constants, representing the ther-
mal energy and the unit charge, respectively. E .qox 1S the
electrolyte Fermi-level and N¢p is the accessible density of
conduction band states (7x10?°cm ) [47]. Here, we as-
sume that they are constant too. . is the number of electrons
in the conduction band. E, is the conduction band edge of
the semiconductor, and the shift of £. [48] is in close
connection with dipole moment of the dye as follows:

9Hnormal ¥
— lnommal 7 5
coe (5)

AE, =

Here, ¢ is the electron charge; €, and ¢ are the permittiv-
ity of the vacuum and the dielectric constant of the organic

AGyy,. = EYe _E, (3)  monolayer. v is the dye’s surface concentration, and fi,oma

Table 2 Computed maximum absorption wavelengths (A.x), oscillator strengths (f), transition natures and the electron density difference maps of
1 and 2 corresponding to So— S, in acetonitrile by TD-wB97X/6-31G(d) with B3LYP/6-31G(d) geometries

Dye Main configurations® p— f So—S,°¢
nm/eV
1 HOMO-1—LUMO (0.32) 452/2.74 2.0174 }. ;
HOMO —LUMO (0.52) (431/2.88) Pogy! 7
2 HOMO-1—LUMO (0.25) 422/2.94 2.0809 }” M} ’
HOMO—LUMO (0.57) (409/3.03) uys:g

?Data in parentheses are main configuration contributions
®Data in parentheses are the corresponding calculated results in gas phase

¢ Blue represents where the electrons are coming from, and white represents where the electrons are going
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Table 3 Key parameters for deducing AGiy;

Dye EY° eV Aomax / €V E¥e" eV AGyy, / eV
1 4.88 2.49 2.39 -1.61
2 4.80 2.73 2.07 -1.93

is the component of dipole moment of the individual mole-
cule perpendicular to the surface of semiconductor surface.
It is obvious that a dye with a large piyoma Will induce a
significant variation of V..

Results and discussion

Previous works performed by us and Preat [6, 20, 21,
49-51] have confirmed that a suite of theoretical parameters,
such as vertical dipole moment, electron numbers trans-
ferred from the dye to the semiconductor after photoexcita-
tion and the extent of charge recombination affecting V.,
light harvesting efficiency, injection driving force and the
electronic coupling strength between the dye’s LUMO and
the semiconductor conduction band affecting Jg., could be
used successfully to rationalize and provide insight into the
relationship between the structure and performance of or-
ganic dyes. Here, on the basis of these parameters, we
attempt to shed light on the difference in efficiency of
DSSCs based on these two dyes in order to develop more
efficient EWGs.

Which EWG will have the larger J.?

Light harvesting efficiency

In a typical organic DSSC, the organic sensitizer fulfils the
function of light absorption and injection of the photoexcited

electrons to the conduction band of the semiconductor, thus
the light harvesting efficiency (LHE) of the dyes is a critical

factor directly influencing J. as described in “Computational
Details and Theoretical Methodology”. In order to evaluate
the LHE of the two dyes differing only in EWG, we first
considered the functional effects on the vertical transition
energy (Ex) of dye 2, as we know that a judicious choice of
functional is crucial to describe accurately the absorption
spectrum of D-7-A dyes with non-negligible CT character
[52, 53]. As shown in Table 1, the long-range-corrected
(LC) functional, LC-BLYP and wB97X with C-PCM solvent
effects model yielded better results as compared with experi-
mental data, with discrepancies of 0.08 and 0.04 ¢V, while
other functionals underestimate the transition energy by more
than 0.2 eV. We also tested the effects of other solvent models
such as state-specified (SS) PCM on the transition energy of
dye 2, and the calculated results are listed in Table S2. We
found that the SS-PCM model gives a little higher transition
energy than the linear response C-PCM model, which is
consistent with the finding of Jacquemin [54]. In addition,
the SS-PCM gives more accurate results with discrepancies of
0.02 eV compared with the experimental results, with 0.04 eV
for the C-PCM model. However, the SS-PCM calculations
also need more computational time. Considering the compro-
mise between computational costs and accuracy, we adopted
the C-PCM solvent effects model. We used the wB97X
functional, 6-31G(d) basis set together with solvent effects
of acetonitrile via the CPCM model to investigate the
optical properties of the dyes in the following. The calcu-
lated maximum absorption wavelengths (A.x), oscillator
strengths (f), transition natures, electron density difference
maps corresponding to So—S; are summarized in Table 2.
We found that dyes 1 and 2 have comparable f, which
could lead to similar LHE. The electron density difference
maps of 1 and 2 corresponding to Sp—S; in acetonitrile
solution plotted by GaussSum [55] demonstrated that, after
photoexcitation, ICT occurs, i.e., the charge will transfer
from triphenylamine through the vinyl bithiophene spacer
to the acrylate acceptor, which would be beneficial for
electron injection into the conduction band of TiO,.

Fig. 2 Optimized geometrical s d T . P e
structures of dyes 1 and 2 f:oo‘;‘_" Ao 9% % -'.Oa E 4 L g
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Driving force (AG,,;) and the electronic coupling strength

Considering the function of the dyes in the DSSC, besides the
strong LHE, rapid and efficient electron injection after photo-
excition is also very important for improving the efficiency of
the cell. Thus, as discussed in “Computational Details and
Theoretical Methodology”, besides LHE, AGj,; and the elec-
tronic coupling strength affecting ®;pjec could also have
effects on Ji.. Key parameters for deducing AGjy; are listed
in Table 3. We found that both dyes have negative AGiy;,
which means that the electron injection process is spontane-
ous, in good agreement with the energy level matching results
discussed above. More importantly, we find that, compared
with dye 1, dye 2 with -0-NO,—Ph has the larger driving force.
As in the discussion of the electronic coupling strength, we
follow the conclusion from De Angelis et al. [56], who adop-
ted the commonly used (TiO,)sg anatase cluster model to
simulate the effect of the semiconductor and the bidentate
bridging adsorption mode when the organic dye absorb onto
the cluster. The initial geometry of the (TiO,)3g anatase cluster
is shown in Fig. S1 in the supporting information. The geom-
etries of dye-(TiO,)3g systems optimized by SCC-DFTB are
shown in Fig. 2. In order to see which dye has the stronger
electron coupling between the dye’s LUMO and the semicon-
ductor band, we analyzed the energy level of the dyes before
and after interacting with the (TiO,)s;g anatase cluster, as
depicted in Fig. 3. From Fig. 3, we can draw some conclu-
sions, including (1) the HOMO-LUMO gap of the considered

Fig. 3 Schematic energy
diagram of the pure dyes, dye-

(TiO,)3g systems and the ‘;,f:_s_:‘
(TiO,)33 model at the B3LYP e
level with 6-31G(d) for non- 0.
metal atoms and LanL.2DZ ba- oyl
sis set for Ti atom. The selective 23wt
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Fig. 4 Calculated vertical dipole moment of dyes 1 and 2 at CPCM-
B3LYP/6-31G(d) level in acetonitrile solution. The semiconductor
surface is parallel to the yz plane

(TiO,)35 anatase cluster computed by B3LYP/6-31G(d) for
non-metal atoms and LanL2DZ for Ti atom//SCC-DFTB
method is 3.72 eV, in good agreement with the experimental
typical band gaps of TiO, nanoparticles of a few nanometers
in size (3.2-3.3 eV) [57], confirming the reliability of the
theoretical semiconductor model and method we used here;
(2) the interaction between the dye and the semiconductor has
almost no effects on the HOMO of the dye. The HOMO of the
interaction system corresponds to the HOMO of the free dyes;
(3) after interaction with TiO, surface, the position and char-
acter of the dye’s LUMO are affected. For both dyes, the dye’s
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Fig. 5 Optimized geometrical 2

structures of dyes 1 and 2 ,f; -
adsorbed onto the (TiO,)s o d
model and corresponding ,“F‘J e °
charge transfer number (e) s

LUMO is 0.05 eV lower after interaction with the TiO,
surface, indicating similar electronic coupling strength be-
tween the organic dye and the semiconductor surface. Thus,
we can draw the conclusion that, compared with dye 1, dye 2
has larger LHE and AG;,;, but similar electronic coupling
strength leading to larger Jg..

Which EWG will have the larger V,.?
Vertical dipole moment (Lt,,0ma1)

We calculated the [i,omar Of the dyes at B3LYP/6-31G(d) level
including solvent effects by means of the CPCM model using the
geometry of dyes adsorbed onto the (TiO,)sg cluster. We know
(see “Computational Details and Theoretical Methodology™) that
the shift of the conduction band, which is related to pLoma Of the
dyes, will lead to a change in V. [48]. It is generally accepted
that the larger the p,oma Of the adsorbed molecules pointing
outward from the semiconductor surface, the larger the V. [56,
58, 59]. Considering the bidentate binding mode of the dyes, we
made the G, axis of the carboxylate in the dye parallel to the x-
axis, and the semiconductor surface parallel to the yz plane. Thus,
the orientations of the dyes after binding to the semiconductor are
simulated. The dipole moment along the x-axis of the dyes is
referred to as pyomal. The calculated results at CPCM-B3LYP/6-
31G(d) level with the geometry of dyes adsorbed onto the
(TiO,)sg cluster are shown in Fig. 4; we found that these two
dyes have similar pyomga (7.25D for dye 1 and 7.18D for dye 2),
although the EWG was changed.
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Electron number in the conduction band (n.)

As discussed in “Computational Details and Theoretical
Methodology”, besides tyormal, N 1S an important parameter
affecting V., which is a balance between the number of
photoinjected electrons (n ;) from the excited dye to the
semiconductor and the number of electrons lost during the
charge recombination (ng ). In order to calculate n j;, we
follow the conclusion of Sdnchez-de-Armas et al. [60] using
the (TiO,)¢ nanocluster to simulate the semiconductor sur-
face effects in view of the compromise between computa-
tional effort and accuracy. This nanocluster has proved
suitable to simulate the features in the absorption spectra
of the system. As for the adsorption configurations,
Sanchez-de-Armas et al. [61] also demonstrated that the
bidentate chelating adsorption mode is more energetically
favorable than the bidentate bridging mode through theoret-
ical calculations for the similar systems. As a result, we
adopted the (TiO,)¢ nanocluster taken from reference [62]
and the bidentate chelating adsorption mode to investigate
the dye-semiconductor interaction effects on absorption
spectra properties. The optimized structures of the dye-
(TiO,)g clusters are shown in Fig. 5. Although the TiO,
model used here may be somewhat too simple to simulate
fully the effect of the semiconductor, our previous work [20]
demonstrated the reliability of this model. Here, we per-
formed NPA at the CPCM/B3LYP/6-31G(d) level for non-
metal atoms and LANL2DZ basis set for Ti atom level using
NBO 3.1 in Gaussian 09 in the ground state (Sy) and first
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Fig. 6 Optimized molecular structures of the dye—I, complexes under M062X/6-31G(d) (LanL2DZ basis set for I atom) level
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singlet excited states (S;) of the dye-(TiO,)s cluster to
qualitatively or semi-quantitatively determine n ;,;. The cal-
culated n jnj shown in Fig. 5 is in the order of 2 (0.240 e)
>1 (0.092 e). We also used the Merz-Kollman method—
demonstrated by Jacquemin et al. [63] to be the optimal
atomic charge model for studying space charge-transfer
excitations—to calculate the atomic charge distributions. The
corresponding calculated results are listed in the Electronic
Supplementary Information (Table S3). We find that, although
the absolute values of n ,j obtained from these two formal-
isms are different, the trend of n ;,j is consistent. So we think
the results obtained here are reasonable.

As for other factors affecting n, i.e., charge recombination,
because several groups have demonstrated that the possible
halogen bonding between the special atoms of the dye and I,
in the electrolyte could accelerate interfacial charge recombi-
nation through facilitating I, close to the semiconductor surface
and improving the I, concentration in the vicinity of the TiO,,
we discussed the dye—I, interaction to see the EWG effects on
the extent of charge recombination. The optimized geometries
of the dye-I, complex under M06-2X/6-31G(d) (LanL2DZ
basis set for I atom) level in gas phase are listed in Fig. 6.
The binding energies, after BSSE correction, of I, with different
electron donor sites on these molecules were calculated and
listed in Fig. 6. Compared with dye 2, dye 1 has one more
interaction site to bond I, i.e., CN-I, interaction. On the other
hand, we could also find that —CN has the strongest ability to
bond I, due to the largest bonding energies (—7.13 kcal mol™),
which could facilitate the approach of I, to the semiconductor
surface, and thus accelerate interfacial charge recombination.
When the —CN group is replaced by -0-NO,—Ph in dye 2,
besides the fewer interaction sites to bond I,, the steric orienta-
tion of 0-NO,—Ph could also efficiently block the approach of I,
to the semiconductor surface and thus slow the interfacial
charge recombination. It also gives us a hint that, besides
reducing the interaction sites, we could also enhance the block-
ing effect of the dyes in the molecular design to improve cell
efficiency. Thus, combining the [,omat, D inj and the extent of
the charge recombination, we could predict that dye 2 with o-
NO,-Ph should have larger V., for it has larger nj,;, slower
charge recombination and similar L, ormal-

Conclusions

The geometries, electronic structures and absorption spectra
of two triphenylamine-bithiophene-based organic dyes with
different electron-withdrawing groups (EWG) were evaluat-
ed through DFT, TDDFT and DFTB methods with the aim
of gaining insights into the effects of the EWG on the
performance of the dyes. Our calculated results pointed out
that dye 2 with the o-nitrophenyl group has larger V. due to
larger dipole moment, more electrons transferred from the

dye to the semiconductor and lower charge recombination
degree, while the larger driving force and comparable light
harvesting efficiency lead to higher J .. Our results indicate
that cyano may not be the optimal electron-withdrawing
group for the acrylic acid acceptor of D-7t-A sensitizers in
DSSCs, and o-nitrophenyl could be used as a promising
EWG candidate to improve the efficiency of these dyes.
We hope that our investigation could pave the way to the
design and screening of new efficient organic dyes with
novel acceptors.
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