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ABSTRACT: We investigate a set of donor-π-acceptor (D-π-A)
dyes with new acceptor groups for dye-sensitized solar cells,
using time-dependent density-functional-theory calculations of
the electronic structure and optical absorption. We considered
three types of modiﬁcations on existing dye structures: (i)
replacement of the side cyano group (CN) on the molecular
anchor, (ii) insertion and alteration of the intermediate spacer
groups, and (iii) modiﬁcation of the number and positions of
cyano CN groups on a phenyl-ring spacer. We ﬁnd that with these modiﬁcations, the dye electronic levels and corresponding optical
absorption properties can be gradually tuned, rendering possible the identiﬁcation of dyes with desirable structural, electronic, and
optical properties. For example, dyes with phenyl and CN-substituted phenyl groups are promising candidates for red light
absorption and high molar extinction coeﬃcients.

A

mong current renewable energy solutions, dye-sensitized
solar cells (DSCs, also referred to as “Gr€atzel cells”), provide
an inexpensive and environmentally friendly alternative for sunlight-to-electricity conversion.13 In this type of device the dye
molecules are used to sensitize transparent oxide semiconductors
(such as TiO2 and ZnO), performing a crucial function in the
harvesting of infrared-visible light, which comprises 95% energy
of the solar spectrum. Synthetic dyes containing metal ions
(usually expensive transition metals such as Ru) have been
widely used and have led to the highest eﬃciency achieved for
such devices, approaching 12%.3 Purely organic, metal-free dyes410
are also promising, given their wide availability, benign environmental eﬀects, and low cost. The challenges for developing allorganic dyes are to widen their relatively narrow adsorption band
in the visible region and to raise their low eﬃciency.3,6 Recent
progress toward meeting these challenges includes synthesizing
electron-rich donor-π-acceptor (D-π-A) dyes to achieve higher
molar extinction coeﬃcients, thus reducing ﬁlm thickness and
electronic loss in devices; this strategy has produced encouraging
results with energy conversion eﬃciency exceeding 10%.11
A novel D-π-A structure for eﬀective all-organic dyes involves
the donor and acceptor connected through a molecular bridge
conductor (π group), and the acceptor is directly bound to the
semiconductor surface. In this structure, upon excitation by light,
electrons in the highest occupied molecular orbitals (HOMOs)
originally distributed around the donor group are promoted to
the lowest unoccupied molecular orbitals (LUMOs) which are
centered around the acceptor. This excitation process eﬀectively
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pushes extra electrons to the acceptor part of the dye and leaves
holes on the donor part. An important aspect of the D-π-A
structure is the proximity between the acceptor and the semiconductor surface, which are mutually bound through covalent
and/or hydrogen bonds. This allows ultrafast transfer of excited
electrons to the conduction bands of the semiconductor12,13 and
leads to eﬃcient electronhole separation and ultimately electricity generation. The performance of an organic dye in real
devices depends sensitively on its structure and electronic/
optical properties, such as the binding stability, the band alignment, and the absorption maximum and intensity. Tuning these
parameters can greatly enhance the device performance, eventually leading to large-scale implementation of DSCs for solar
energy conversion. Laboratory development of D-π-A dyes often
invokes a trial-and-error approach which requires extensive
chemical synthesis and expensive materials processing, a slow
and laborious process. In this regard, theoretical screening of
potential organic dyes using state-of-the-art ﬁrst-principles calculations holds great promise to signiﬁcantly reduce the cost of
developing eﬃcient dyes and to expedite discovery of new ones.
In principle, rational design and analysis of each component of
a D-π-A organic dye, including the donor group, the molecular
conductor, and the acceptor group, is desirable in order to further
develop more eﬃcient organic dyes for DSCs. In this work we
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investigate the inﬂuence of the acceptor group of the D-π-A dye
on its electronic and optical properties, since it connects the dye
to the semiconductor and plays a critical role for dye anchoring,
optical absorption, and electron-transfer processes. Our strategy
is to test systematically the inﬂuence of chemical group substitution on the electronic and optical properties of the dyes.
Chemical groups of diﬀerent electronegativity, size, and shape,
and at diﬀerent sites, have been investigated. In particular, we
considered mainly three types of modiﬁcations on the existing
dye structures: (i) replacement of the CN group of cyanoacrylic side with other elements or groups, giving a group of
new dyes which we label da-n (with n = 15, an index); (ii)
alteration of the intermediate molecular spacer groups (the dye
group labeled db-n); and (iii) modiﬁcation of the number and
position of CN on the phenyl-ring spacer group (the dye group
labeled dc-n). We found that with these modiﬁcations of the dye
acceptor group, the electronic levels, and corresponding optical
absorption properties can be gradually tuned, and as a consequence dyes with desirable electronic and optical properties can
be identiﬁed. The best candidates for high extinction coeﬃcients
and long-wavelength absorption turn out to be dyes with a novel
phenyl spacer between the carboxylatecyanoacrylic anchoring
group and the dithiophene conductor (db1) and that with a CNsubstituted phenyl ring (dc5). These dyes have an extremely
large oscillator strength (2.443 for db1 and 2.176 for dc5) at a
long wavelength in vacuum (546 nm for db1 and 523 nm for dc5)
and in solution (594 nm for db1 and 547 nm for dc5).
We address ﬁrst certain important computational issues, to
establish the reliability of the results reported below. Since the allorganic dyes used in experiments are relatively large in size,
involving ∼100 atoms, extensive use of high-accuracy ab initio
quantum chemistry methods is usually prohibitive due to the
heavy computational cost involved and the poor scaling (∼N6, N
being the number of electrons). Calculations of electronic
properties and optical absorption based on time-dependent
density functional theory (TDDFT)14,15 have proven a valuable
tool because of their high eﬃciency, reasonable accuracy, and
good scalability. However, commonly employed approximate
density functionals for the exchange-correlation (XC) energy are
not suitable for charge-transfer excitations, Rydberg states, and
multiple excitations, mostly due to the lack of asymptotic 1/r
behavior of Coulomb interactions;16 the use of such functionals
leads to problematic predictions for optical excitations. Signiﬁcant progress has been made recently by including self-interaction corrections in hybrid functionals,1719 to properly account
for the long-range charge-transfer excitations while retaining
a reliable description of short-range correlation interactions.
Results of this approach compare favorably to results obtained from high-level wave function-based ab initio quantum
calculations.20,21
Our calculations were performed within the framework of
density-functional theory (DFT) for structure optimization14
and TDDFT for excited states and optical absorption,15 using the
SIESTA22 and Gaussian23 codes. For structure optimization, we
use pseudopotentials of the TroullierMartins type24 to model
the atomic cores, the PBE form of the exchange-correlation
functional,25 and a local basis set of double-ζ polarized orbitals
(13 orbitals for C, N, O, F, and S; 5 orbitals for H). An auxiliary
real space grid equivalent to a plane-wave cutoﬀ of 100 Ry is used
for the calculation of the electrostatic (hartree) term. A molecular
structure is considered fully relaxed when the magnitude of forces
on the atoms is smaller than 0.02 eV/Å. Optical absorption
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Figure 1. Optimized atomic structure of the donor-π-acceptor dyes D5
and da1; gray, red, blue, yellow, and white spheres represent C, O, N, S,
and H atoms, respectively. The donor, acceptor, and π conductor of the
dye are denoted. The dashed circle marks the carbon atom connecting
the acceptor part and the π bridge.

results are obtained from TDDFT simulations within linear
response at ﬁxed dye geometry in the gas phase corresponding
to isolated molecules, and in solution employing the polarizable
continuum model.26 We use the 6-31G(d) basis set throughout
this paper, which has been shown to yield negligible diﬀerences in
electron density and energy accuracy compared with basis sets
that include additional diﬀuse functions.21 We checked carefully
the eﬀect of geometry optimization procedures on the ﬁnal
atomic structure and excitation energies. Geometries optimized
with Becke’s three-parameter and LeeYangParr’s gradientcorrected correlation hybrid functional (B3LYP) and 6-31G(d)
basis sets show very small diﬀerences in bond lengths
(∼0.0010.02 Å) and bond angles (<1°) compared to results
obtained using PBE functionals and the atomic basis sets in
SIESTA. More importantly, the HOMOLUMO energy gap
diﬀerences are within ∼0.1 eV for the two geometries in both
ground-state and excited-state calculations. Such a variation in
energy is acceptable since it is within the typical accuracy of DFT
and TDDFT calculations of optical properties. For checking the
reliability we use a variety of diﬀerent XC functionals, including
PBE, B3LYP, CAM-B3LYP,18 and ωB97X19 in TDDFT based
on the adiabatic approximation. The latter two are employed to
correct the energies for charge-transfer excitations, which are
dominant in the dyes we are considering. The spectrum is
obtained using the following expression based on the calculated
excitation energies (ωI) and oscillator strengths (fI)
"
#
fI
ðω  ωI Þ2
8
ð1Þ
exp 2:773
εðωÞ ¼ 2:174  10
Δ2
I Δ

∑

where ε is the molar extinction coeﬃcient given in units of
M1 cm1, the energies ω, ωI and Gaussian full-bandwidth at
half-height Δ are in units of cm1, and fI is the corresponding
oscillator strength. This expression satisﬁes the well-known
relationship
Z
ð2Þ
4:32  109 εðωÞ dω ¼ fI

∑I

We use Δ = 4000 cm1 for the optical band broadening to mimic
thermal oscillations in dye structures and excitations at room
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Table 1. Comparison of the Excitation Energies ωI in eV and the Corresponding Oscillator Strength fI (in Parentheses),
Calculated within TDDFT Using Diﬀerent Exchange-Correlation Functionals, for the Lowest-Energy Excitations of the
Experimental Dye D5a
CAM-B3LYP

ωB97X

ωB97Xb

expt.

3.08 (0.570)

2.71 (1.722)

2.90 (1.767)

2.74 (1.855)

2.622.90c

3.53 (0.088)

3.83 (0.015)

4.10 (0.071)

3.97 (0.080)

PBE

B3LYP

ω0 (f0)

1.84 (0.769)

2.24 (1.231)

ω1 (f1)

2.66 (1.027)

ω2 (f2)

2.97 (0.014)

Notice that the functionals that do not include a long-range correction (LC), namely PBE and B3LYP, produce a split of the ﬁrst peak (labeled ω0 and
ω1), and the sum of the oscillator strengths of these two peaks is approximately equal to the oscillator strength of the corresponding single peak in the the
LC functionals CAM-B3LYP and ωB97X. b Calculated in ethanol solution. c In diﬀerent solutions: acid, 2.62 eV;27 methanol, 2.79 eV;27 ethanol,
2.81 eV;7 acetonitrile, 2.90 eV.28
a

temperature, which is very close to those in experimentally
measured absorption spectra.68,10,11
Before considering the eﬀects of changes in the acceptor
group, we examine the reliability of diﬀerent exchange-correlation functionals available for calculating the electronic and optical
properties of these dyes. To this end, we focus on a representative
organic dye structure (D5) shown in Figure 1, which is frequently
used in experiments7,27,28 and in modeling,20,21 and hence the
relevant data can be compared at diﬀerent levels. Table 1 presents
the calculated excitation energy and transition oscillator strength
for a few lowest excitation channels of D5 using diﬀerent XC
functionals in TDDFT. Experimental results, measured in different solutions, are also included. Both the PBE and B3LYP
functionals underestimate signiﬁcantly the ﬁrst excitation energy
and its strength. Long-range-corrected (LC) functionals, such as
CAM-B3LYP18 and ωB97X,19 yield better comparison with
experiment. It is known that the solvent eﬀects will lower dye
absorption energy21 by ∼0.10.3 eV; therefore, experimental
values quoted in Table 1, which are measured in solution, should
be corrected by a similar amount. After the correction it leads to a
better agreement with the results from LC-TDDFT calculations
on dyes in vacuum. Indeed, by including ethanol solvation in the
polarizable continuum model, the ﬁrst absorption peak is located
at 2.74 eV with an oscillator strength of 1.855 using ωB97X
functional, in good agreement with experiment. Our results are
also in good agreement with other calculations, which report the
energy for the ﬁrst absorption peak being 2.2820 and 2.23 eV21 in
B3LYP functional, 2.97 eV in CAM-B3LYP,21 and 3.04 eV in
ωB97X.20 Minor diﬀerences between our results and those from
literature are attributed to diﬀerent computational procedures
and parameters used in these approaches. We note that besides
dye D5 we also compared data on many other similar dyes and
found qualitatively the same trend as that for D5. Since the
ωB97X functional has fewer empirical parameters19 and shows
better agreement with experimental results after the solventeﬀect correction, we adopt this functional in the following for
predicting optical properties of new dyes. We note that using
CAM-B3LYP would yield qualitatively similar results.
Organic dyes with the carboxylatecyanoacrylic anchoring
group have been very successful in real devices.610 From the
point of view of electronic structure and optical absorption, it is
possible that the side cyano group (CN) has a positive
inﬂuence on light absorption and anchoring to the TiO 2
surface. 29 Accordingly, we begin our investigation with the
possibility of replacing CN by other chemical groups and
examine the dependence of dye performance on these groups. In
Figure 2 we show the set of dye acceptor structures we have
investigated. We have replaced the cyano CN group in model

Figure 2. Energy levels and corresponding acceptor structures for
da1da5 dyes. Blue and red bars represent occupied and unoccupied
orbitals, respectively. Energy gaps between HOMO and LUMO levels
calculated from ground-state DFT calculations using the B3LYP exchange-correlation (XC) functional and those from TDDFT using
ωB97X functional (in parentheses) are indicated besides the arrows
for each dye. The horizontal dashed line indicates the level of conduction
band edge (CBE) of the anatase TiO2 surface in electrolyte solutions
(4.0 eV). Only the atomic structure for the acceptor part of the dyes
below the connecting carbon atom (circled) is shown; gray, red, blue,
yellow, white, and cyan spheres represent C, O, N, S, H, and F atoms,
respectively.

dye da1 by CF3, F, and CH3 groups, which are labeled da2,
da3, and da4, respectively. Model dye da1, shown in Figure 1, has
a very similar structure to that of D21L6 dye synthesized
experimentally,8 except that the hexyl tails at the donor end are
replaced by methyl groups. The electronic energy levels of these
modiﬁed dyes in the ground state are also shown in Figure 2, as
calculated using B3LYP/6-31G(d). Compared to the relatively
small gap of 2.08 eV for da1, the energy gap is increased by all
these modiﬁcations. All these changes give a larger energy gap.
This may explain the optimal performance in experiment of the
cyano CN group as a part of the molecular anchor, which yields
the lowest excitation energy favoring enhanced visible light
absorption. The spectra with ωB97X functional calculated based
on eq 1 are shown in Figure 3, and the features for the main peaks
of the spectrum are summarized in Table 2. The absorption
maximum for da1 is found to locate at 425 nm (2.92 eV) in
vacuum and 446 nm (2.78 eV) in ethanol solution (Table 2); the
latter is very close to the experimental measured value of 458 nm
(2.71 eV) for D21L6 in the same condition,8 again conﬁrming
the validity of our methodology. The extinction coeﬃcients
calculated from eq 1 are comparable to experimentally measured
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ones8 after applying an overall scaling factor of ∼0.5 for the
size of the peaks. We found that the ﬁrst absorption peak is
predominantly associated with excitations from the HOMO1
and HOMO orbitals to the LUMO and LUMOþ1 orbitals,
with contributions involving other orbitals amounting to less
than 15%.
Intuitively, we would expect that the energy levels of the whole
dye molecule are modiﬁed by the electric ﬁeld introduced by the
presence of side chemical groups on the acceptor, with the
changes depending on the electronegativity of these chemical
groups: the higher the electronegativity of the group, the lower
the energy of the LUMO level, and the smaller the energy gap,
assuming the HOMO level, determined by the other (donor)
end of the dye, is less inﬂuenced by the changes in the acceptor.
Our results show that such a simple rule does not apply,
considering that F (in da3) has a higher electronegativity than
CN (in da1)30 but introduces a larger gap. The changes in
electronic structure introduced by substitution of the CN
group by other groups are a result of cooperative eﬀects of both
electronegativity and the size and shape of the substituted
chemical groups. In close proximity to the backbone and other
parts of the anchor, the substituted groups signiﬁcantly change
the local potential that excited electrons will experience. A
substituted group that is closer to the backbone and other atoms
on the periphery gives rise to a stronger electron repulsion,
resulting in a higher energy for the LUMO and a larger gap. This
explains why CH3, with an electronegativity very close to that
of CN (2.56 vs 2.69, respectively30), has the largest energy gap
among the various modiﬁcations we considered. Cyano groups
introduce a particularly small energy gap due to its linear shape
and the fact that electrons placed at the LUMO level are attracted
by the end N atom and thus become more delocalized (see
discussion on wave functions below).

We did not ﬁnd any single-group substitution for the CN
that produces a lower energy gap. Therefore we extended our
investigation to consider other possibilities. We found that with
the substitution of the H on the backbone by another CN
group, the ground-state energy gap is reduced to 1.67 eV (see
Table 2, dye da5). In particular, we emphasize that the LUMO
level is still higher by 0.7 V than the conduction band edge (CBE)
of anatase TiO2, located at 4.0 eV,31 shown as a dashed line in
Figure 2. This would provide enough driving force for ultrafast
excited-state electron injection.29 Another requirement on interface energy level alignment for DSCs to work properly is that the
dye HOMO has to be lower than the I/I3 redox potential
which is located at about 4.8 eV.6,7,31 The potential level is
comparable to dye HOMOs in Figure 2. However, we note that
by comparing calculated energy levels with experimentally
measured potential levels, the HOMO and LUMO positions
are generally overestimated by ∼0.6 and ∼0.3 V, respectively.68
We expect the same trend would occur for dyes discussed in the
present work. Taking this correction into account, the new dyes
considered would have perfect energy level alignment with
respect to the CBE of TiO2 which are more than 0.4 eV lower
than LUMOs, and the I/I3 redox potential is ∼0.5 V higher
than HOMOs, beneﬁcial for DSC applications. In TDDFT
calculations with ωB97X, da5 has the longest wavelength for
maximum absorption among these da-n dyes, located at 461 nm,
and the corresponding oscillator strength is slightly reduced as
compared to the other dyes (Figure 3 and Table 2). We conclude
that with the changes considered here on the acceptor group, the
HOMO and LUMO levels and optical absorption of the dye can

Figure 3. Optical absorption spectrum of dyes da1da5 calculated
from TDDFT with ωB97X functional.

Figure 4. Energy levels and corresponding acceptor structures for dyes
db1db5. Conventions are the same as in Figure 2.

Table 2. Optical Excitation Energies (in eV), and Corresponding Oscillator Strength (in Parentheses), for the Dyes under Design
Obtained from Our First-Principles TDDFT Calculations with the ωB97X Functional
n=1
da-n

n=2

n=3

n=4

n=5

a

3.01 (1.781)

3.12 (1.804)

3.15 (1.811)

2.69 (1.553)

ω1 (f1)

2.27 (2.443)b

2.98 (1.862)

2.92 (2.300)

3.02 (2.240)

3.07 (2.202)

ω2 (f2)

3.40 (0.130)

ω3 (f3)

3.98 (0.275)

ω1 (f1)
ω2 (f2)

2.76 (2.231)

2.71 (2.232)

2.59 (2.137)
3.58 (0.129)

2.69 (2.260)

2.37 (2.176)c
3.53 (0.113)

ω1 (f1)

2.92 (1.733)

ω2 (f2)
db-n

dc-n
a

3.71 (0.137)

In ethanol solution: 2.78 (1.802). b In ethanol solution: 2.09 (2.491). c In ethanol solution: 2.26 (2.227).
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Figure 5. Optical absorption spectrum of dyes db1db5 calculated
from TDDFT with ωB97X functional.

be gradually tuned as shown in Figures 2 and 3, for optimal
performance when used in a real DSC device.
Next, we consider the possibility of incorporating additional
spacer groups in the dye acceptor. In particular, we focus on a
phenyl ring and its derivatives as the inserted molecular spacer.
The dye structures obtained upon additional spacer incorporation, called here db1db5, are shown in Figure 4. Dye db1 diﬀers
from the model dye da1 by inserting a phenyl group between
CH on the backbone and the anchoring carboxylic and cyano
groups. The CH group is removed in db2, with another
carbon atom by which carboxylic and cyano groups join also
removed. As a result, both the carboxylic and cyano group are
now directly bound to the phenyl ring replacing H atoms at
respective positions. Dyes db3 and db4 diﬀer from db2 by
inserting either a CHdCH or a CC group between
dithiophene and phenyl groups, respectively. Finally, we replace
CN with the normal H termination on the phenyl group (dye
db5) to see the eﬀects of cyano group.
Electronic energy levels and optical absorption spectra for this
set of dyes are shown in Figures 4 and 5, respectively, and the
absorption peak positions are summarized in Table 2. Among
this set, the dye db1 stands out for its interesting electronic
and optical properties, with the energy gap being rather small
(1.55 eV in B3LYP and 2.27 eV in ωB97X) and the corresponding oscillator strength being very high (2.443). The absorption
maximum corresponds to a long wavelength of 546 nm in
TDDFT/ωB97X, and it is even longer, 594 nm (2.09 eV), when
ethanol solvation eﬀects are taken into account. The oscillator
strength of 2.443 (2.491 in ethanol solution) is one of the largest
for a single transition among all-organic dyes to our knowledge.
For comparison, dye C217 with a high extinction coeﬃcient of
45  103 M1 cm1 at 552 nm has a corresponding oscillator
strength of 1.569, with which a striking sunlight-to-electricity
eﬃciency of 9.8% was achieved.9 Similar behavior occurs for dye
D5.7 Based on these observations we propose that this dye will
favor red to infrared light absorption with a very high extinction
coeﬃcient. Although its LUMO level (3.23 eV) is relatively low
compared with other dyes in the same group, it is signiﬁcantly
higher than the conduction band edge of TiO2 in solution
(4.0 eV), even after the 0.3 eV correction discussed earlier. Its
HOMO lies below the I/I3 redox potential. Therefore, with
further optimization of the dye/TiO2 interfaces, possibly via
dipole moment engineering,32 ultrafast electron injection29
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Figure 6. Energy levels and corresponding acceptor structures for dyes
dc1dc5. Conventions are the same as in Figure 2.

might be achieved for this dye. This would make dye db1 an
attractive candidate for future development of DSC devices,
especially for high-extinction, long-wavelength light absorption.
Besides identifying dye db1 as particularly promising, our
study also helps elucidate how other modiﬁcations in molecular
spacer would change dye properties and performance. We found
that all other dyes in this set have an optical absorption maximum
blue-shifted compared to db1. In particular, compared to db2, the
insertion of additional two-carbon groups signiﬁcantly improves
the absorption intensity. Inserting the CHdCH group
results in better properties than inserting the CC group,
since the former produces a higher oscillation strength and a redshift of the absorption peak (see Figure 5 and Table 2). In
addition, the CHdCH group may be beneﬁcial also from
structural considerations, making the dye molecular structure
planar and more rigid. Comparing db4 and db5 clearly shows that
adding the CN group to the phenyl spacer introduces desirable
features: the energy gap is lowered, and the absorption intensity
is enhanced (Table 2).
Since dye db3 has the most desirable features among simpler
dyes db2db5, we chose this structure for further potential
improvements: speciﬁcally, we systematically analyzed the eﬀects
of replacing H by CN groups on the phenyl group of this dye.
We constructed a group of new dyes (dc1dc5) with the only
diﬀerence between each other being the number and position of
the CN group on the phenyl ring in the dye acceptor. We start
from a slightly modiﬁed db3 dye, dc1, where the dithiophene
conductor group is now cross-linked. There is experimental
evidence that this cross-linking provides additional beneﬁts in
optical absorption;11 in our calculations we conﬁrmed that dc1
has an even smaller energy gap than db3 (by 0.16 eV in ωB97X).
The calculated energy levels and optical spectra of this group of
dyes upon phenyl CN substitution are shown in Figures 6 and
7, respectively. We found that the gap and optical absorption
depends sensitively on the number and position of the CN
substitution groups on the phenyl ring. With more CN groups,
a smaller energy gap and hence a red-shift in absorption maximum from 449 nm (with 1 CN) to 523 nm (with 4 CN) is
observed. The absorbance intensity is less sensitive to CN
substitution, with minor changes from case to case. The absorption also depends on the position of the CN groups. We place
the CN far from the binding carboxylic group, which results in
a more delocalized electron density distribution (not shown);
9280
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Figure 7. Optical absorption spectrum of dyes dc1dc5 calculated
from TDDFT with ωB97X functional.

Figure 8. Wave function plots for the representative dye db1 (left
column) and dc5 (right column). Four orbitals, HOMO1, HOMO,
LUMO, and LUMOþ1, which contribute most to visible-light absorption, are shown for each dye.
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maximum and corresponding oscillator strength is 2.26 eV
(547 nm) and 2.227. Again this is very promising for longwavelength absorption, similar to the case of db1. To further
elucidate the electronic properties for these two promising dyes,
we show in Figure 8 the wave function plots for the molecular
orbitals HOMO1, HOMO, LUMO, and LUMOþ1 of dyes
db1 and dc5. Clearly, the occupied states are mainly distributed
around the donor part of the molecules, and the unoccupied ones
are mainly localized in the acceptor group, conﬁrming the chargetransfer nature of low-energy excitations in these dyes. Furthermore, in both cases we ﬁnd that the CN groups, particularly the
N-atom end, help to delocalize electronic clouds on the dye
acceptor, reducing electron repulsion and LUMO levels. This is
most pronounced in dc5; the resulting LUMO states are strongly
localized at the acceptor end, with little overlap with HOMOs,
which would facilitate electron injection and slow down electron
back transfer, both advantageous for DSC applications. Compared to dye db1, dc5 possesses a simpler, more uniform acceptor
structure. Since there are no complicated substructures at the
connecting CH and the end C atom bound to caynoacrylic
and carboxylic groups as in db1, we expect that the synthesis of
dc5 might be easier to achieve in experiment.
In conclusion, we have employed accurate ﬁrst-principles
calculations based on long-range-corrected TDDFT calculations
to investigate a series of novel acceptor groups for donor-πacceptor type dyes. We found that upon modiﬁcations on the dye
acceptor group, the dye electronic levels relative to TiO2 conduction bands and corresponding optical absorption properties
can be tuned gradually. This allows dye optimization to maximize
DSC device performance under various experimental conditions.
Our calculations reveal the nature of cooperative eﬀects of the
electronegativity and the size/shape of chemical groups to
inﬂuence dye absorption and redox potential levels. In particular,
we propose that the model dye db1, with the insertion of an
additional phenyl spacer in the acceptor group relative to the
experimentally investigated dye JK2,6 and the dye dc5 with a CNsubstituted phenyl group, might be promising candidates for red
to infrared light absorption, which may oﬀer improved sunlightto-electricity conversion eﬃciency when used alone or in combination with other dyes. Our study opens a way for material
design of new dyes with target properties to advance the performance of organic dye solar cells.
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similar results (not shown). We note that the results on these
minor structural variations are sensitive to the XC functional
used; slightly diﬀerent orderings are obtained with the less
accurate B3LYP functional. The question of which one produces
results closer to reality is of interest and subject to future
experimental conﬁrmations.
With all four H atoms on the phenyl ring replaced by CN
groups, the dye yields a small gap (2.37 eV) and retains a high
strength (2.176). In ethanol solution, the calculated absorption
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