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Density functional theory (DFT) and time-dependent density functional theory (TDDFT) calculations were carried out to study
the ground state geometries, electronic structures, and absorption spectra of 4-(cyanomethyl)benzoic acid based dyes (AG1 and
AG2) used for dye-sensitized solar cells (DSSCs). The excited states properties and the thermodynamical parameters of electron
injection were studied.The results showed that (a) two dyes have uncoplanar structures along the donor unit and conjugated bridge
space, (b) two sensitizers exhibited intense absorption in the UV-Vis region, and (c) the excited state oxidation potential was higher
than the conduction band edge of TiO

2
photoanode. As a result, a solar cell based on the 4-(cyanomethyl)benzoic acid based dyes

exhibited well photovoltaic performance. Furthermore, nine dyes were designed on the basis of AG1 and AG2 to improve optical
response and electron injection.

1. Introduction

Since O’Regan and Grätzel reported the Dye-sensitized solar
cells (DSSCs) [1], DSSCs used as devices that convert visible
light into electricity based on the photosensitization of wide
band gap metal oxide semiconductors have attracted wide
interest as a low cost of solar energy conversion.The widened
absorption spectra range of dyes and the electron transfer
capability from excited dyes to the semiconductor TiO

2
were

viewed as two important factors for conversion efficiency
of DSSC [2–4]. Molecular design needs to meet the below
requirements [2]: in order to absorb more photons, the dye
must have broad absorption spectrum in the visible range;
in order to separate charge efficiently, the excited state of the
dyes must have a charge transfer ability to the electrode; in
order to inject electrons into the electrode, the lowest energy
level of unoccupied molecular orbital (LUMO) of the dye
energy must be higher than that of the conduction band edge
of the semiconductor TiO

2
; in order to obtain the electron

from the electrolytic solution, the highest occupiedmolecular

orbital (HOMO) energy must be lower than the reduction
potential of the electrolytic solution I−/I

3

− oxide; for practical
application of the battery, the dye molecules must have long-
term stability; at the same time, it can withstand more than
108 times of oxidation-reduction process.

Until now, the steady efficiency of the DSSCs is kept by a
polypyridyl ruthenium sensitizer [2, 5–7]; however, we have
to face the practical problems of ruthenium sensitizer utility,
such as a very expensive cost. As an alternative, metal free
organic sensitizers have received an increasing attention and
can obtain efficiencies reaching 10% [8–17]. In terms ofmetal-
free DSSCs, donor-𝜋-bridge-acceptor (D-𝜋-A) is a typical
structure. Various organic dyes, such as coumarin [8, 9],
porphyrins [7, 10] phenylene [11], carbazole dyes [12, 13],
indoline dyes [14, 15], and bis-dimethyl fluoroaniline (JKs)
[16] and Ds series [17], have been synthesized. The D-𝜋-
A molecular structures are constructed by electron donor
(D), 𝜋-conjugated linker and electron acceptor (A) moieties.
Meanwhile, themodified donor part and𝜋-conjugated bridge
are main channel for molecular design of DSSCs.
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Recently, Gupta et al. [18] reported 4-(cyanometh-
yl)benzoic acid based dyes, which displayed promising
properties in the development of photovoltaic devices [18].
Experiment demonstrated that the designed dyes, by means
of 4-(cyanomethyl)benzoic acid as an attachment group
and replacement of the bridging para-phenyl group in the
triaryl donor unit with a thiophene group, displayed a
power conversion efficiency of 6.37%. For understanding the
relationship between the molecular structure and perfor-
mance, the molecular simulation was done. And the theo-
retical simulation approach is more efficient, whose results
have more significance for the synthesis of new forward-
looking photosensitizer dyes. As a modeling method, quan-
tum chemistry methods, especially density functional theory
(DFT) and time-dependent DFT (TD-DFT), were commonly
used for theoretical treatment of structures and electronic
and absorption spectra of ruthenium sensitizer, metal-free
sensitizer, natural dyes, and heterojunction organic solar
cell [19–25] and for studying the optical materials with
charge transfer character and the chemical mechanism of
the surface enhancement Raman spectroscopy [26–28]. In
current work, we performed a quantum chemistry calcula-
tion on the geometries, electronic structures, hyperpolariz-
abilities, and the Ultraviolet-Visible (UV-Vis) spectrum of
4-(cyanomethyl)benzoic acid based dyes (AG1 and AG2),
and the solvent effect was considered. The absorption peaks
and electron transfer were analyzed. Excited state oxidation
potentials and thermodynamically driving force of the elec-
tron injection process were examined. In addition, nine dyes
were designed on the basis of AG1 and AG2.

2. Methods

Geometric optimizations of two molecules were performed
with density functional theory (DFT) [29], using B3LYP
functional [30] at the 6-31G(D) basis set. Based on the
optimized ground state geometry, vibration frequencies were
done at the same level. There was no imaginary vibration
frequency in the minimum energy structure in the potential
energy landscape.The total static first hyperpolarizability can
be written as follows [31]:

𝛽Tol = √𝛽
2

𝑋
+ 𝛽2
𝑦
+ 𝛽2
𝑍
. (1)

Individual static components in the above is calculated from

𝛽
𝑖
= 𝛽
𝑖𝑖𝑖
+
1

3
∑
𝑖 ̸=𝑗

(𝛽
𝑖𝑗𝑗
+ 𝛽
𝑗𝑖𝑗
+ 𝛽
𝑗𝑗𝑖
) , (2)

where 𝛽
𝑖𝑗𝑘

(𝑖, 𝑗, 𝑘 = 𝑥, 𝑦, 𝑧) are tenser components of
hyperpolarizability. Due to the Kleinman symmetry, we
finally obtain the equation that has been employed:

𝛽tot = [(𝛽𝑥𝑥𝑥 + 𝛽𝑥𝑦𝑦 + 𝛽𝑥𝑧𝑧)
2

+ (𝛽
𝑦𝑦𝑦
+ 𝛽
𝑦𝑧𝑧
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𝑦𝑥𝑥
)
2

+ (𝛽
𝑧𝑧𝑧
+ 𝛽
𝑧𝑥𝑥
+ 𝛽
𝑧𝑦𝑦
)
2

]
1/2

.

(3)

The absorption spectra of them were obtained with time-
dependent DFT (TD-DFT) [32] by using the Cam-B3LYP

functional [33] and the 6-31G(D) basis set. Chloroform solu-
tion in CPCMmethod was employed in calculations accord-
ing to the experimental setting [18]. By comparing the bond
lengths, the frontier molecular orbital energy levels, energy
gaps, absorption spectra, and excited state oxidation poten-
tials and thermodynamically driving force of the electron
injection, one studies the stable structure, optical properties,
and electron injection of dyes. All the calculations were done
with the Gaussian 09 package [34].

3. Results and Discussion

3.1. Geometric Structures. The chemical structure of AG1
and AG2 was shown in Figure 1, where the serial num-
bers of atoms was also indicated. Two dyes are typical D-
𝜋-A structures, with the same terminal accepting group
(4-(Cyanomethyl)benzoic acid moiety) and different 𝜋-
conjugated spacers (the paraphenyl unit for AG1 and a thio-
phene group forAG2) and different donor units (triarylamine
group for AG1 and triaryl donor for AG2). The AG1 and
AG2 ground state geometries were optimized by 6-31G (d),
and selected structural parameters were listed in Table 1.
As shown in Table 1, for AG1, there is a twisted structure
upon donor unit, where dihedral angle of C1-C2-N3-C4 and
C2-N3-C4-C5 is −45.45954 degrees and −34.89785 degrees,
respectively, and mean value of two twisted dihedral angles
is 40 degrees. For AG2, C1-C2-N3-C4 and C2-N3-C4-S5
also display a twisted structure (dihedral angle of C1-C2-
N3-C4 and C2-N3-C4-S5 is about −45.89085 and −39.89847,
resp.), and mean value is 43 degrees. Recent report indi-
cated that some higher performance dyes (such as Ds and
bisdimethylfluorenylamino dyes [16, 17]) have different forms
of the twisted configuration on donor unit, and this twisted
configuration is helpful to suppress the dyes aggregation
on the surface of semiconductor. Different to the other
dyes, AG1 and AG2 have uncoplanar structure upon the
bridge moiety. For AG1, the dihedral angles of D (C6-C7-
C8-S9), D (S9-C10-C11-S12), and D (C14-C15-C16-C17) are
21.07776, −17.10793, and 162.15200 for thiophen rings and
benzene rings, respectively. But for the AG2, the twisted
degree of thiophene rings of conjugated bridge is lower than
that of AG1; for example, D (S5-C6-C7-S8) and D (S8-C9-
C10-S11) are −14.84480 and 14.78207, respectively. While for
ethylbenzene unit and acceptor units, there is a well coplanar
configuration for two dyes.

3.2. Molecular Orbitals. The frontier molecular orbital ener-
gies of the dyes AG1 and AG2 were listed in Table 2, and
the plot surface of molecular orbitals was shown in Figure 2.
For AG1, the highest occupied MO (HOMO) is −4.96 eV.
From electron density of molecular orbitals in Figure 2,
electron density of HOMO is delocalized throughout the dye,
which belongs to the dye 𝜋 orbital. The lowest unoccupied
MO (LUMO), −2.51 eV above the HOMO, is an 𝜋∗ orbital
delocalized, and electron density of LUMO is located on
the conjugated bridge and cyanoacrylic acid moiety. So
if electron transitions from HOMO to LUMO, excitation
should result in electron transfer from triarylamine group
to 4-(cyanomethyl)benzoic acid moiety. Energy levels of
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Figure 1: Chemical structures of two molecules AG1 and AG2 and designed nine molecules (AG1, AG1-a, AG1-b, AG1-c, AG1-d, AG1-e, AG2,
AG2-a, AG2-b, G2-c, and AG2-d).

other molecular orbitals (such as HOMO−1, HOMO−2, and
LUMO+1) were listed in supporting materials (see Table S1 in
Supplementary Material available online at http://dx.doi.org/
10.1155/2015/402746). From Table S1, it was found that the
LUMO+1 is −1.47 eV above the LUMO and is localized within

the conjugated bridge and cyanoacrylic acid moiety (where
more electrons are located in benzene ring of conjugated
bridge compared with LUMO). Similar electron density was
found for LUMO+2, lying at −0.92 eV. But for LUMO lying at
−0.55 eV, electron density is localized in triarylamine group,
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Figure 2: The plot surface of molecular orbitals of two compounds (AG1 and AG2).

which is similar to the electron density of HOMO−3 lying at
−6.87 eV.

For AG2, Table 2 shows that the energy level of HOMO
is at −4.77 eV, which has a difference of 0.19 eV compared
with HOMO of AG1. The energy level of LUMO is −2.52 eV,
which is nearly changed compared with AG1. So the struc-
ture modification from AG1 to AG2 can only change the
energy level of HOMO. The HOMO is 𝜋 orbital delocalized

throughout the dye, and electron density of LUMO with
character of 𝜋∗ orbital is located on the conjugated bridge
and 4-(cyanomethyl)benzoic acid moiety, which means
that electron transition from HOMO to LUMO should
result in electron transfer from triarylamine group to 4-
(cyanomethyl)benzoic acidmoiety. Energy levels of LUMO+1
and LUMO+2 for AG2 are lower than those of AG1, and
HOMO+1 and HOMO+2 of AG2 are higher than those
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Table 1: Calculated bond lengths and dihedral angle for two
compounds, respectively.

AG1 AG2
C1-C2-N3-C4 −45.45954 C1-C2-N3-C4 −45.89085

C2-N3-C4-C5 −34.89785 C2-N3-C4-S5 −39.89847

C6-C7-C8-S9 21.07776 S5-C6-C7-S8 −14.84480

S9-C10-C11-S12 −17.10793 S8-C9-C10-S11 14.78207

S12-C13-C14-C15 −0.83014 C11-C12-C13-C14 1.10018

C13-C14-C15-C16 179.55183 C12-C13-C14-C15 −179.35721
C14-C15-C16-C17 162.15200 C14-C15-C16-C17 179.11762
C15-C16-C17-C18 −179.05968 C15-C16-C17-C18 0.35682

C17-C18-C19-C20 −179.93959 C16-C17-C18-C19 179.90957
C2-N3 1.42566 C2-N3 1.42882

N3-C4 1.41163 N3-C4 1.38802

C7-C8 1.46110 C6-C7 1.44238

C10-C11 1.44308 C9-C10 1.44052

C13-C14 1.42967 C12-C13 1.42861

C14-C15 1.36605 C13-C14 1.36669

C15-C16 1.47756 C14-C15 1.47704

C19-C20 1.48352 C18-C19 1.48327

Table 2: Energy levels of HOMO and LUMO and energy gap (eV).

AG1 AG2
H −4.96 −4.77

L −2.51 −2.52

Gap −2.45 −2.25

corresponding energy levels of AG1. The energy gaps (H-L
gap) of AG1 and AG2 are −2.45 eV and −2.25 eV, respectively,
and H-L gap of AG2 is reduced with respect to that of AG1.

3.3. Absorption. The transition energy and oscillator strength
were listed in Table 3, and the first three excitations were
included in current calculation. One also checked the basis
set effects with 6-31G (d), 6-31G (d,p), 6-311G (d), and
6-311+G(d,p) basis sets. Transition energy and oscillator
strength for the first excited state (S1) of AG1 are calculated
to be 452.64 nm (𝑓 = 1.79) with Cam-B3LYP/6-31G (d) and
452.87 (𝑓 = 1.7863) withCam-B3LYP/6-31G (d,p), and hence
there is no scarce change upon the addition of one polarized
functional. Similar trend was found for the two basis sets 6-
311+G (d) and 6-311+G (d,p); that is, S1 state is 465.08 (1.7598)
and 465.60 (1.7556), respectively. Compared with the general
basis set 6-31G(d), there is redshift about 6 nm by using basis
set 6-311G(d); at the same time, upon the addition of diffuse
functional, it is 465.08 (𝑓 = 1.7598) with the basis set 6-
311+G(d), and it makes redshift about 7 nm compared with
6-311G(d). Therefore, evaluation of transition energy of AG1
can be affected by the increase basis set and addition of diffuse
functional. For AG2, transition energy of S1 is 487.83 nm (𝑓 =
1.6155) with 6-31G (d) and 488.09 (𝑓 = 1.6129) with 6-31G
(d,p), respectively, and the change is very small. Upon using
the 6-311G (d), transition energy of AG2 is 494 nm (495 nm

for experiment [18]). One also checked the bases 6-311+G(d)
and 6-311+G(d,p); unfortunately, the two basis sets are not
convergent. Therefore, the basis set 6-311G (d) will be used
in the next designed molecules and discussion.

It is seen in Table 3 that the dominant absorption band
is found to be the first excited state (S1 state) in the UV-
Vis spectra region. When paying attention to the difference
of molecule absorption peaks, one can find that there is
difference about 36 nm between AG1 and AG2.

For AG1, the absorption peak is the first excited state (S1
state), and oscillator strength is 1.7797, which is the largest
strength among the three states. Other states (𝑓 > 0.1)
are S2 state. Electron transition information was listed in
Table S2. From Table S2, the first excited state showed a
HOMO→ LUMO transition (transition possibility is 58.8%;
see Table S2), and electron density change (from HOMO
to LUMO, in Figure 2) shows this state is intramolecular
charge transfer state (ICT); for more high excited state
(S2), its absorption strength is lower than that of S1, which
displays a HOMO−1→ LUMO transition with the weight
(47.1%). From HOMO−1, electron density is delocalized over
the whole molecule, and LUMO is located on the bridge
and acceptor units; so this state is ICT state. Due to the
similar distribution of electron density between LUMO and
LUMO+1, the third state, in which electron transition is from
HOMO to LUMO+1, is an ICT state.

Table S2 shows that the absorption peak of AG2 is the
first excited state (S1 state), and oscillator strength is 1.5986,
which is lower than that of AG1. Though AG2 has redshifted
absorption compared with AG1, oscillator strength is lower
for AG1. Other states (𝑓 > 0.1) are S2 state. For S1, this
state showed a HOMO → LUMO transition. At the second
excitation state (S2), the oscillator strength is 0.5939, with the
electron transition from HOMO−1 to LUMO transition; for
S3, it includes HOMO→ LUMO+1 transition.

ForDSSCs, electron transfer fromdonor to acceptor char-
acterized by ICT state is beneficial for the electron aggrega-
tion on acceptor moiety and enhances the electron coupling
effect between acceptor and semiconduction, because the
first hyperpolarizabilities (𝛽) are directly proportional to the
difference in the dipole moment between the HOMO and
the LUMO orbitals (Δ𝜇eg) and the transition dipole moment
(oscillator strength) (𝜇eg) and they are inversely proportional
to the transition energy.The first hyperpolarizabilities can be
written as follows [35, 36]:

𝛽∞
Δ𝜇eg (𝜇eg)

2

𝐸2eg
, (4)

where Δ𝜇eg and 𝜇eg are difference in the dipole moment for
ground state and excited state and the transition dipole and
𝐸eg is transition energy. After the geometry optimization, the
first hyperpolarizabilities were calculated, which was listed
in Table 4. It can be seen that 𝛽

𝑥𝑥𝑥
(along coordinate axis of

molecular body) is a negative value that suggests the obvious
negative charge distribution away from centralisation of the
molecular nuclear charge. And the 𝛽

𝑥𝑥𝑥
value of AG2 is

larger than that of AG1. From Table 3, oscillator strength of
AG1 is larger than that of AG2, and proportional value of
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Table 4: Hyperpolarizability of AG1 and AG2.

𝛽
𝑥𝑥𝑥

𝛽
𝑥𝑥𝑦

𝛽
𝑥𝑦𝑦

𝛽
𝑦𝑦𝑦

𝛽
𝑥𝑥𝑧

𝛽
𝑥𝑦𝑧

𝛽
𝑦𝑦𝑧

𝛽
𝑥𝑧𝑧

𝛽
𝑦𝑧𝑧

𝛽
𝑧𝑧𝑧

𝛽tot

AG1 −116132 1917 −4563 1607 1704 −962 −164 162 71 14 120596

AG2 −145255 5296 −8205 1315 5869 −2688 −191 −221 268 197 153948

Table 5: Calculated transition energy and oscillator strength designed dyes (AG1-X and AG2-X) in solvent phase.

Dye State Contribution MO 𝐸 (eV) Absorption peak
𝜆 (nm)

Strength
𝑓

AG1-a 1 (57.0%) H→ L 2.5768 481.15 1.4565
AG1-b 1 (57.4%) H→ L 2.6065 475.67 1.8080
AG1-c 1 (57.4%) H→ L 2.6158 473.98 1.7177
AG1-d 1 (56.2%) H→ L 2.4911 497.71 1.8109
AG1-e 1 (55.5%) H→ L 2.5975 477.32 1.6009
AG2-a 1 (60.3%) H→ L 2.3512 527.32 1.3658
AG2-b 1 (60.2%) H→ L 2.3847 519.92 1.6444
AG2-c 1 (60.2%) H→ L 2.4011 516.37 1.5839
AG2-d 1 (59.4%) H→ L 2.2535 550.18 1.6711

transition energy between AG1 and AG2 is calculated to be
1.113. However, the value of the first hyperpolarizabilities for
Ag2 is larger than that of AG1, which means that there is
an obvious difference in the dipole moment (enhancing ICT
character).

3.4. Driving Force of Electron Injection. Not only do the high-
performance dyes used for DSSCs have well optical response
in Ultraviolet-Visible spectral region, but also the excited
electron should quickly be injected from the discontinuous
energy level of dyes into the CB of the semiconductor
titanium dioxide. Thermodynamically, driving force of the
electron injection process can be described as 𝐸TDF = 𝐸

ox
ex −

𝐸cb, where 𝐸
ox
ex and 𝐸cb stand for the excited state oxidation

potential and CB edge, respectively. According to the Rehm
andWeller equation [37, 38], 𝐸oxex can be calculated as follows:

𝐸
ox
ex = 𝐸

ox
gr − 𝐸00, (5)

where 𝐸oxex and 𝐸
ox
gr are the excited and ground state oxidation

potentials, 𝐸
00

is the electronic transition energy, and the
ground state oxidation potential 𝐸oxgr is computed from the
HOMO energy. The value of 𝐸oxex is calculated to be −1.509V
(for AG1) and −1.357V (for AG2), which is more negative
than the CB edge of TiO

2
(0.5 V versus normal hydrogen

electrode (NHE)) [39], and electron injection of AG1 is more
easy than that of AG2 owing to the bigger difference between
the excited state oxidation potentials and CB edge.

3.5. Molecular Design. The designed molecule structures
with the addition of pull election group (-CN) were shown
in Figure 1, and those dyes were named after AG1-a, AG1-
b, AG1-c, AG1-d, AG1-e, AG2-a, AG2-b, AG2-c, and AG2-
d. Calculated transition energies and absorption strengths
of absorption peak were listed in Table 5. Table 5 shows
that maxima of absorption peaks are 481.15 nm for AG1-
a, 475.67 nm for AG1-b, 473.98 nm for AG1-c, 497.71 nm

for AG1-d, and 477.32 nm for AG1-e, which are redshifted
compared with the original molecule AG1 (452 nm). The
states are all first excited state for the five dyes and electron
transition corresponding to the HOMO→ LUMO transition.
Among the designed AG1-X (X = a, . . . , e), the oscillator
strengths of AG1-b and AG1-d are larger than that of AG1,
meaning that the absorption ability has been enhanced. For
designed AG2-X, the values of 𝜆max are 527.32 nm for AG2-
a, 519.92 nm for AG2-b, 516.37 nm for AG2-c, and 550.18 nm
for AG2-d. And the absorption strengths are in this order
AG2-a< AG2-c<AG2-b<AG2-d. Among the designed dyes
AG2-X (X = a, . . . , d), AG2-d has the largest absorption peak
and strength. Table 6 shows the first hyperpolarizability of
designed dyes (AG1-X and AG2-X) in solvent phase, and for
AG1-X, the first hyperpolarizability is in this order AG1 <
AG1-c < AG1-a < AG1-b < AG1-e < AG1-d; for AG2-X, the
first hyperpolarizability is AG2 < AG2-c < AG2-b < AG2-a <
AG2-d. Therefore, the introduction of group (-CN) not only
results in the redshifted absorption but also enhances the first
hyperpolarizability (Table 6).

To evaluate driving force of electron injection, the energy
levels of the excited states of the designed dyeswere calculated
which are listed in supporting materials in Table S3, and
the corresponding energy level of conduction bands of TiO

2
,

ground state, and singlet excited states of designed dyes (AG1-
X and AG2-X) were shown in Figure 3. As shown, for AG1-
X, the values of 𝐸oxex of them are all more negative than
that of the CB edge of TiO

2
(0.5 V versus normal hydrogen

electrode (NHE)); so the electron injection for designed
dyes is thermodynamically allowed. Among the five designed
molecules, AG1-d has the largest absorption wavelength and
absorption strength, and thus it could utilize more sunlight
energy, which can be considered as a candidate for the use in
the field of DSSCs. For AG2-X, the four designed dyes display
the high excited state oxidation potentials above the CB edge
of TiO

2
, and thus electron injection for the four dyes AG2-X
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Figure 3: Energy levels of conduction bands of TiO
2
, ground state, and singlet excited states of designed dyes AG1-X (a) and AG2-X (b).

Table 6: Hyperpolarizability of designed dyes (AG1-X and AG2-X)
in solvent phase.

AG1 AG1-a AG1-b AG1-c AG1-d AG1-e
𝛽tot 120596 183068 183681 169744 278726 194016

AG2 AG2-a AG2-b AG2-c AG2-d
𝛽tot 153948 245671 240689 223810 374611

can occur. The value of 𝐸oxex is in this order AG2-d < AG2-a <
AG2-c < AG2-b.

4. Conclusion

The ground state geometries, electronic structures, and the
first hyperpolarizability of dyes (AG1 and AG2) were inves-
tigated by means of DFT calculations with hybrid functional
B3LYP, and the UV-Visible spectra were studied by TD-DFT
methods with cam-B3LYP functional, and different basis sets
were used in this work. Optimized results showed that AG1
and AG2 display the twisted structures. The HOMO-LUMO
electronic transition describes their lowest singlet excited
state. Absorption peak of AG2 is redshifted compared with
AG1, meaning that AG2 can absorb more solar energy. The
excited oxidation potentials of AG1 and AG2 are both higher
than CB edge of the semiconductor titanium dioxide, sug-
gesting that electron injection can occur thermodynamically.
Therefore, the improvement of absorption efficiency for AG2
results in the high performance.Moreover, one designed nine
dyes based on AG1 and AG2 by introducing the group (-CN).
The results show that the introduction of group (-CN) not
only results in the redshifted absorption and the occurrence
of the thermodynamically allowed electron injection but also
enhances the first hyperpolarizability.
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