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ABSTRACT: To fabricate highly efficient dye sensitizers for dye-sensitized
solar cells, new zinc porphyrin dye sensitizers were designed based on one of
the most efficient dyes, YD2-o-C8, by introducing electron-rich heterocyclic
rings into the electron donor. Five potentially efficient dyes, Dye1−5, were
obtained by replacing the phenyl group of the donor in YD2-o-C8 with
pyrrolyl, furyl, and thienyl groups. The electronic structures, absorption
spectra, intramolecular charge-transfer characteristics, and excited-state
lifetimes of the designed dyes were investigated using the density functional
theory and time-dependent density functional theory methods. All the
designed dyes exhibit better photoelectric properties than those of YD2-o-C8.
Compared with YD2-o-C8, the designed new dyes have smaller frontier molecular orbital energy gaps and obvious red-shifting
absorption spectra in the Q band. The analyses of charge density difference plots and intramolecular charge-transfer characteristics
indicated that the designed dyes can better promote intramolecular charge transfer and electron−hole separation. Among the five
designed dyes, Dye1 with a pyrrolyl group exhibits the best performance. Dye3 and Dye5 with methyl-furyl and methyl-thienyl
groups, respectively, exhibit the next best performance. Dye2 and Dye4 with furyl and thienyl groups, respectively, are the worst
performers. The introduced methyl group can further improve the electron-donating ability of heterocyclic rings and promote the
red shift of the Q bands and intramolecular charge transfer of dyes. The excited-state lifetimes of the new dyes were in the following
order: YD2-o-C8 < Dye4 < Dye2 < Dye5 < Dye3 < Dye1, which shows their stronger abilities to inject electrons into semiconductor
films.

1. INTRODUCTION

With the gradual depletion of fossil fuels and continuous
aggravation of the global greenhouse effect, the study of solar
cells for cost-effective conversion of solar energy of a certain
wavelength into electric power has attracted extensive
attention.1−5 In solar cell fields, a silicon-based solar cell
occupies a major position due to the comparatively developed
production technology and relatively high power conversion
efficiency.6,7 However, the production of silicon-based solar
cells is accompanied by high energy consumption and
environmental pollution. In order to solve these problems,
scientists have carried out a lot of work on the third generation
of solar cells including perovskite solar cells and dye-sensitized
solar cells (DSSCs)1−5,8 in which DSSCs have attracted
significant attention because of their environment-friendliness,
cost-effectiveness, and relatively high efficiencies.
The first DSSC was reported by Graẗzel in 1991.9 A typical

sandwich-structure DSSC device consists of four main
components: (I) a redox electrolyte; (II) a semiconductor
film; (III) a counter electrode; and (IV) a dye sensitizer.
Changing the electrolyte10 and the semiconductor film11,12 and

modifying the structure of the dye4 can promote the
performance of DSSCs in which the structure of the dye
sensitizer is a very important factor affecting the efficiency of
DSSCs. The dye molecules as the core component of the
DSSC system can absorb photons within a certain wavelength
range and generate electrons. The wide-spectral solar energy
would be effectively utilized and the performance of DSSCs
can be improved by the controllable modification of the dye
structure.13 Among organic dyes, porphyrin derivatives are
potential high-efficiency dye sensitizers because of their
conjugated macrocyclic structures and multiple modifiable
binding sites. Porphyrin dyes can hold different substitution
groups to form an efficient structure for absorbing photons,
releasing excitons, and realizing efficient photovoltaic con-
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version in DSSCs. In recent years, many zinc porphyrin dyes
with high photovoltaic conversion performance have been
studied.14−16 Among them, bipolar D-π-A porphyrin dyes
composed of an electron donor (D), a π-linker (π), and an
electron acceptor (A) have received significant attention. In
2011, Gra ̈tzel synthesized a high-efficiency D-π-A zinc
porphyrin dye, YD2-o-C8, with diphenylamine as the electron
donor.14 The cosensitization of YD2-o-C8 with Y123 achieved
a higher photovoltaic conversion efficiency of 12.3%.14

However, YD2-o-C8 suffers from the problem of narrower
absorption in the near-infrared region. To overcome this
problem, YD2-o-C8 was modified by changing its structure.
Changing the structure of the π-linker in the dye can increase
the conjugation degree of the dye and promote the effective
localized separation of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO), thus affecting the intramolecular charge transfer of
the dye sensitizer and ultimately affecting the photoelectric
conversion efficiency of the DSSCs.17,18 Modifying the
electron acceptor and anchoring groups in the dye can
significantly affect the absorption of the dye onto the
semiconductor film and the charge injection efficiency from
the dye sensitizer to the semiconductor film,19,20 while
modifying the electron donor can narrow the frontier
molecular orbital energy gap and promote the absorption of
light energy in the long-wavelength region by appropriately
increasing the HOMO energy level of the dye.21,22 Based on
YD2-o-C8, Graẗzel synthesized the Y350-OC12 dye (Figure
S1) by replacing the alkyl group of the electron donor with 2,4-
dihexyloxyphenyl. Y350-OC12 showed a higher open-circuit
photovoltage at both low light intensity and full sunlight
intensity compared with YD2-o-C8.23 The CM-b dye (Figure
S2) with indoline as the electron donor was synthesized by
You. The incident photon-to-current conversion efficiency
values over nearly the whole spectrum for CM-b surpass those
of the YD2-o-C8 cell under the same conditions. Moreover, the
electron injection driving force from the LUMO of CM-b to
the conduction band of TiO2 is much higher than that of YD2-
o-C8.13 Xie et al. synthesized XW15 and XW16 (Figure S3),
both of which used a triphenylamine moiety with various
alkoxy chains as the electron donor to extend the spectrum
absorption to a longer wavelength and improve the photo-
voltaic efficiency. Moreover, the incident photon-to-current
conversion efficiency spectra of XW15 and XW16 exhibit a
broader spectral response.24 Ren et al. designed a potential
high-efficiency dye, NCH3-YD2 (Figure S4), by introducing
N(CH3)2 groups at the diphenylamine electron donor of YD2-
o-C8 and investigated it using density functional theory (DFT)
and time-dependent density functional theory (TD-DFT). The
results show that the introduced N(CH3)2 effectively improves
the light harvesting efficiency and the intramolecular charge-
transfer character compared with YD2-o-C8.25 In addition,
carbazol,26 pyrenyl,27 N-annulated perylene,28 phenothiazin-
yl,29,30 and some other heterocycles31 can also be used as
electron donors to obtain high-efficiency zinc porphyrin dyes.
A suitable electron donor must not only have an appropriate

electron-donating ability to maintain a stable cycle between the
dye and the redox electrolytes in DSSCs but also have a small
frontier molecular orbital energy gap to reduce the photo-
excitation energy and promote the absorption of light in the
long-wavelength region. Pyrrolyl, furyl, and thienyl groups as
electron-rich heterocycles have the potential to be used as
electron donors in zinc porphyrin dyes. Although these

heterocyclic groups have been studied as a π-linker,32−35

there are hardly any studies on pyrrolyl, furyl, and thienyl
groups as electron donors in zinc porphyrin dyes. In this study,
a series of novel dyes was designed by introducing five-
membered heterocyclic groups (pyrrolyl, furyl, and thienyl) as
the electron donors using YD2-o-C8 as the basis. The structure
of YD2-o-C8 is shown in Figure 1. To simplify computational

complexity, the alkyl and alkoxy groups of YD2-o-C8 were
replaced by methyl and methoxy groups on the premise of
keeping satisfactory accuracy.36,37 The proposed D-π-A dye
structures with various five-membered heterocyclic groups as
electron donors are shown in Figure 2. In Dye1, the α-C atom

of pyrrolyl is connected to an amino N atom. In Dye2 and
Dye3, the α-C atom of furyl and methyl-furyl is connected to
the amino N atom, respectively. Dye4 and Dye5 have the α-C
atom of the thienyl group connected to the amino N atom,
respectively. The photoelectric properties of the proposed dyes
were investigated using DFT and TD-DFT.

2. RESULTS AND DISCUSSION
2.1. Frontier Molecular Orbitals. The frontier molecular

orbitals of a dye play an important role in determining the
performance of DSSCs. However, the dye must have the
HOMO energy level to maintain a stable cycle between the
dye and redox electrolytes in DSSCs and the LUMO energy
level to ensure efficient electron injection into the TiO2 film
and dye generation reactions. A narrower frontier molecular
orbital energy gap (Eg) of the dye indicates a lower π → π*
transition energy, which can improve light-harvesting capacities
and promote the red shifting of light absorption in the Q band.
Frontier molecular orbital energy levels were calculated for the
proposed dyes. The data for the HOMO, LUMO, and
HOMO−LUMO gaps are shown in Figure 3. It is evident
that the HOMO energy levels of Dye1−5 (from −5.10 to

Figure 1. Structure of YD2-o-C8.

Figure 2. Structures of the designed dyes.
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−4.67 eV) are lower than that of the redox potential of I−/I3
−

(−4.6 eV),38 indicating that the designed dyes are capable of
obtaining electrons from I−/I3

− and can be efficiently reduced
and regenerated. The LUMO energy levels of Dye1−5 (from
−2.89 to −2.82 eV) are higher than the conduction band
energy level of TiO2 (−4.0 eV),39 indicating that the designed
dyes have enough driving force for electron transfer from the
excited-state dye to the surface of the TiO2 semiconductor.
Compared with YD2-o-C8, introducing five-membered hetero-
cyclic groups into the electron donor effectively increases the
HOMO energy level of the dyes and leads to a decrease in the
energy gap of the dyes. The narrower frontier molecular orbital
energy gap may lead to lower π→ π* transition energy and red
shift and the broadening of light absorption in the Q band of
the dyes. Dye1 with the pyrrolyl group in the electron donor
has the smallest frontier molecular orbital energy gap and is
considered to be the most efficient dye. Furthermore, the
methyl substituent in furyl and thienyl groups can decrease the
frontier molecular orbital energy gap and increase the
performance of the dye.
The distribution of frontier molecular orbitals is an

important factor that significantly affects the intramolecular
charge transfer of the dye and further affects the performance
and efficiency of DSSCs. The ideal distribution of frontier
molecular orbitals is that the HOMO is concentrated mainly in
the electron donor part and the LUMO is concentrated mainly
in the acceptor and π-linker of the dye, which is conducive to
the realization of electron−hole separation and promotes
intramolecular charge transfer. Figure 4 shows the distributions
of the frontier molecular orbitals of the dyes. The distributions
of LUMO are similar and concentrated in the π-linker. The
HOMO distributions in Dye1−5 are more concentrated in the
electron donor and less concentrated in the porphyrin ring

compared with those in YD2-o-C8. This makes Dye1−5 to
achieve better electron−hole separation and promote intra-
molecular charge transfer. To further explore the frontier
molecular orbitals, the molecular orbital compositions of the
dyes were analyzed. From Table 1, it can be seen that the

HOMOs of the dyes are gathered mainly in the electron donor,
and the electron donor is the main occupier of the HOMO for
the designed dyes. The order of the molecular orbital
compositions of the HOMO in the donor for different dyes
is YD2-o-C8 (45.26%) < Dye4 (55.78%) < Dye2 (61.98%) <
Dye5 (70.36%) < Dye3 (77.49%) < Dye1 (82.13%). The
donor of Dye1 occupies the largest molecular orbital
composition of the HOMO. Dye1 has the best intramolecular
charge-transfer ability. Moreover, the introduction of methyl
groups in the heterocycles can enhance the properties of
electron−hole separation.

2.2. Natural Transition Orbitals. The natural transition
orbital (NTO)40 can clarify the transition origins of electronic
excitations. To further explore the characteristics of the S0 →
S1 orbital transition, NTO analysis was performed and the
dominant NTO pairs involved in the S1 excited states of dyes
are shown in Figure 5. The values in Figure 5 represent the
weight of the hole−electron wave function’s contribution to
the excitation. The enough large weight means that the NTO
pair plays a leading role in the electron transition from S0 → S1,
and the characteristics of the orbital transition can be well
represented by this one pair of transition orbital for the
designed dyes and YD2-o-C8. By analyzing the hole state and
the electron state of the NTO pair, it can be seen that for all of
the dyes, the hole is mainly localized on the electron donor,
while the electron shows delocalization on the π-linker and
acceptor of dyes. The electron is moved from the donor to the
π-linker and acceptor in the transition of dyes, which indicates
the obvious intramolecular charge transfer of Dye1−5 and
YD2-o-C8.

2.3. UV−vis Absorption Spectrum. The simulated
absorption spectrum can reflect the absorption intensity and
range of the dyes to photons. The broadened absorption
spectrum increases the light-harvesting ability. The simulated
absorption spectra are shown in Figure 6. They are similar to
the porphyrin absorption spectra obtained by the experi-
ment.14 The characteristic absorption peaks in Soret bands are
located at around 430 nm, and the absorption peaks of Q
bands are located in the region of approximately 660−880 nm.
The absorption peak in the Q band of YD2-o-C8 is located at

Figure 3. Computed HOMO and LUMO energy levels of dyes.

Figure 4. Frontier molecular orbitals of dyes.

Table 1. Molecular Orbital Composition (%) of HOMO and
LUMO of Dyes

dye orbit D π A

Dye1 HOMO 82.13 17.75 0.13
LUMO 3.66 93.47 2.87

Dye2 HOMO 61.98 37.74 0.29
LUMO 1.89 95.32 2.79

Dye3 HOMO 77.49 22.35 0.16
LUMO 2.17 94.97 2.86

Dye4 HOMO 55.78 43.88 0.33
LUMO 2.35 94.99 2.66

Dye5 HOMO 70.36 29.43 0.21
LUMO 2.55 94.73 2.72

YD2-o-C8 HOMO 45.26 54.32 0.42
LUMO 2.61 94.50 2.89
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664 nm, whereas the absorption in the Q band region of
Dye1−5 relative to YD2-o-C8 is red shifted and broadened
significantly. The Q bands of Dye1−5 are located at 877, 686,
748, 675, and 716 nm, respectively. The degrees of the red
shift of Dye1−5 relative to YD2-o-C8 follow the order Dye4 <
Dye2 < Dye5 < Dye3 < Dye1 owing to the introduced
electron-releasing five-membered heterocyclic groups. The
tendencies of the red shift of the absorption in the Q band
and the molecular orbital composition of the HOMO in the
donor of the dyes are consistent. It is particularly worth noting
that Dye1 shows the most obviously widest red shift and
covers considerable visible and near-infrared regions, which is
mainly attributed to the better electron-releasing ability of the
pyrrolyl group of Dye1.
2.4. Intramolecular Charge Transfer. To evaluate the

degree of electron−hole separation and quantitatively describe
the intramolecular charge transfer properties of the dyes, the
charge transfer distance (L), hole and electron separation
degrees (t index),41 and the vertical excitation energy (Eexc)
were calculated using the TD-B3LYP method. These results
are listed in Table 2. The larger values of L and the t index as

well as the smaller values of Eexc are more favorable for
intramolecular charge transfer. For the dyes, the calculated t
index, Eexc, and L indicate the same tendency of performance
of dyes: YD2-o-C8 < Dye4 < Dye2 < Dye5 < Dye3 < Dye1,
which is consistent with the order of the molecular orbital
compositions. The charge density difference plots (Figure 7)

are shown to visualize the characteristics of the intramolecular
charge transfer process. From Figure 7, it is evident that the
dyes have zones with electron density depletion (blue) and
increment (orange). Compared with YD2-o-C8, the blue parts
of Dye1−5 are more concentrated in the donor and less
concentrated in the porphyrin ring, while the orange part is
more concentrated in the π-linker and electron acceptor. This
indicates the better electron−hole separation for Dye1−5. In
addition, the parameters describing the intramolecular charge
transfer were also calculated using the TD-CAM-B3LYP
method, and the results are listed in Table 2. The results
from TD-CAM-B3LYP show a similar tendency of perform-
ance for the designed dyes with those of TD-B3LYP. Dye1
with pyrrolyl groups has the best ability to release electrons,
which leads to Dye1 having the best ability to achieve
intramolecular charge transfer and electron−hole separation.
Dye2 and Dye4 with furyl and thienyl groups, respectively,
have the weakest electron-donating ability of the donor and are
the worst performers. Dye3 and Dye5 with methyl-furyl and
methyl-thienyl groups, respectively, exhibit the next best
performance due to the electron-releasing methyl groups.

2.5. Excited-State Lifetimes. The decay of the first
excited state (S1) to the ground state (S0) is significant for the
process of electron injection from the excited dye into the
semiconductor film. A longer excited-state lifetime (τ) is
conducive to the charge transfer from the dye to the

Figure 5. NTOs of the dyes. The weight of the hole−electron wave
function’s contribution to the excitations is also included.

Figure 6. Simulated absorption spectra of dyes.

Table 2. Charge Transfer Distance (L/Å), t Index (Å), and
Vertical Excitation Energy (Eexc/eV) of Dyes

method dye L t index Eexc

B3LYP Dye1 5.72 2.34 1.41
Dye2 5.20 1.50 1.80
Dye3 5.70 2.25 1.66
Dye4 4.66 0.74 1.83
Dye5 5.33 1.64 1.73

YD2-o-C8 3.88 −0.25 1.87
CAM-B3LYP Dye1 1.84 −1.96 1.94

Dye2 0.32 −3.12 2.08
Dye3 0.57 −2.98 2.06
Dye4 0.36 −3.11 2.06
Dye5 0.52 −3.02 2.05

YD2-o-C8 0.42 −3.11 2.05

Figure 7. Charge density difference plots of dyes.
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semiconductor film.42,43 Therefore, τ of the excited-state dyes
in the excited singlet electronic state becomes an important
parameter for measuring the electron injection process, and τ
robustly affects the transfer of electrons on zinc porphyrin
dyes. The geometries of the molecules in the first excited
singlet electronic state were optimized to investigate the lowest
excitation energy and the related oscillator strength by TD-
B3LYP combined with 6-31G(d) for the C, H, O, N, and S
atoms and the LANL2DZ basis set for the Zn atom. Both the
oscillator strength of the electronic state ( f) and the lowest
excitation energy of different electronic states (E) were
calculated. The value of τ was calculated using the following
formula: τ = 1.499/( f E2).38,44 The E (cm−1) and f values are
listed in Table S1. The τ values of the dyes are listed in Table
3. From Table 3, the improvement degree and the order of τ of

the dyes are as follows: YD2-o-C8 < Dye4 < Dye2 < Dye5 <
Dye3 < Dye1, which is consistent with the aforementioned
orders. Therefore, it is believed that Dye1−5 with five-
membered heterocyclic groups such as pyrrolyl, furyl, and
thienyl groups perform better than YD2-o-C8 and have a
stronger ability to inject electrons into the semiconductor film.
Moreover, pyrrolyl groups have a more obvious influence on
the performance of dyes compared to furyl and thienyl
substituent groups. In particular, the improvement in τ of Dye1
can effectively inhibit the recombination of electrons and holes
after excitation and then improve the power conversion
efficiency of DSSCs. Furthermore, the electron-releasing
methyl group in heterocyclic moieties can improve the τ of
dyes.
2.6. Ionization Potential, Electron Affinity, and

Reorganization Energy. Ionization potential (IP) and
electron affinity (EA) can be used to evaluate the efficiency
of electron transport and injection of the dye. The lower IP
reflects the higher electron-donating capability of the dye. The
higher EA is favorable for electron injection. In addition, the
intramolecular reorganization energy (Λ) can reveal the
balance between the electron and hole transport, which
includes the hole reorganization energy (Λh) and the electron
reorganization energy (Λe). IP, EA, Λh, Λe, and Λ are
calculated using the following formulas:45

E EEA 0 0= − −

E EIP 0 0= −+

E E E E( ) ( )h 0
0

0Λ = − + −+
+ +

E E E Ee ( ) ( )0
0

0Λ = − + −−
− −

h eΛ = Λ + Λ

E0
+ and E0

− are the energy of the cation and the anion based
on the ground-state neutral dye, respectively. E+ and E− are the
energy of the cation and the anion based on their lowest
energy geometry, respectively. E+

0 and E−
0 are the energy of the

neutral dye based on the optimized cation and anion states,
respectively. E0 is the energy of the optimized neutral dye. The
corresponding calculation results of IP, EA, and Λ are listed in
Table 4. With the introduction of five-membered heterocyclic

groups in the dyes, the IP values decrease and the EA values
increase. This indicates that the hole injection ability and the
electron injection ability of dyes are improved. Moreover, the
IP values decrease in the following order: Dye4 (5.09 eV) >
Dye2 (5.07 eV) > Dye5 (4.97 eV) > Dye3 (4.92 eV) > Dye1
(4.71 eV). The minimum IP is observed in Dye1, which
indicates that it is easier to release electrons and create holes in
Dye1 than in other dyes. On the other hand, the smaller
reorganization energy indicates a higher electron injection rate.

3. CONCLUSIONS
Five novel porphyrin dye sensitizers with three different five-
membered heterocyclic rings (furyl, pyrrolyl, and thienyl
groups) for improved DSSCs were designed and studied
using DFT and TD-DFT. Through a detailed comparison
between Dye1−5 and YD2-o-C8, it was found that the
proposed dyes not only have smaller HOMO−LUMO energy
gaps and better abilities to transfer charges but also stronger
spectral absorption characteristics, particularly a significant red
shift of light absorption in the Q band. Furthermore, the
proposed dyes have significantly longer excited-state lifetimes.
Based on the results of the analyses, introducing suitable
electron-donating groups such as five-membered heterocyclic
groups can improve the energy conversion performance of
dyes. We have strong reasons to believe that Dye1−5 with
heterocyclic rings, particularly Dye1 with the pyrrolyl group,
are potential candidates for high-efficiency DSSCs to improve
their power conversion efficiency. It is expected that our
theoretical research and design will be helpful for the
experimental synthesis of efficient dyes for solar cells.

4. COMPUTATIONAL DETAILS
All the DFT and TD-DFT calculations were performed with
Gaussian 16.46 Both DFT and TD-DFT methods have been
proved to be able to accurately evaluate the electronic and
optical properties of organic dyes.33,47−49 The initial geometry
structures of the dyes are constructed based on the Zn
porphyrin core. The charge is zero for all the dyes. The singlet
ground-state geometries of the dyes were optimized using
B3LYP50 with the 6-311G(d, p) basis set for the C, H, O, N,
and S atoms and the LANL2DZ basis set for the Zn atom.
Frequency calculations were performed to ensure that the
optimized singlet ground-state structures had no imaginary
frequency. Based on the singlet ground-state-optimized
structures, the TD-DFT calculations were carried out with
the 6-31G(d) basis set for the C, H, O, N, and S atoms and the
LANL2DZ basis set for the Zn atom to study the photoelectric
properties of the singlet excited states of dyes. The solvent
effect of the tetrahydrofuran medium was investigated using
the polarized continuum model (PCM).51 In the TD-DFT
calculation, B3LYP,50 CAM-B3LYP,52 and ωB97X-D53 were

Table 3. Calculated Excited-State Lifetime of Each Dye (ns)

dye Dye1 Dye2 Dye3 Dye4 Dye5 YD2-o-C8

τ 2391.2 93.812 272.71 84.13 106.91 11.86

Table 4. Ionization Potential (IP/eV), Electron Affinity
(EA/eV), and Internal Hole and Electron Reorganization
Energies (Λh and Λe/eV) of Dyes

dye IP EA Λh Λe Λ
Dye1 4.71 2.88 0.232 0.194 0.426
Dye2 5.07 2.87 0.196 0.148 0.344
Dye3 4.92 2.85 0.189 0.153 0.342
Dye4 5.09 2.90 0.190 0.156 0.346
Dye5 4.97 2.88 0.200 0.160 0.360

YD2-o-C8 5.03 2.84 0.205 0.150 0.355
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benchmarked and used to calculate the absorption spectra of
the reference dye YD2-o-C8, which has been studied
experimentally.14 The results are shown in Table S2. By
comparison, the calculation results of B3LYP are closest to the
experimental data. We also evaluated the calculation results of
TD-B3LYP with different solvent models, as listed in Table S3.
The results show that the PCM solvent model can better
reproduce the experimental result of YD2-o-C8. Consequently,
we chose the TD-B3LYP method with the PCM solvent model
in our studies. UV−vis absorption spectra for the lowest 30
singlet excitations were recorded with a full width at half
maximum of 0.33 eV. NTO, intramolecular charge-transfer
characteristics, and charge density difference plots were
analyzed with Multiwfn 3.8 package54,55 to compare the
abilities of charge transfer.
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