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ABSTRACT

We performed a theoretical investigation on a series of organic dyes incorporating an
anthracene moiety between a carbazole donor group and a cyanoacrylic acid acceptor, in
which a triple bond (TB)-modified moiety acts as a m-conjugated linker. Density functional
theory (DFT) and time-dependent DFT (TD-DFT) were applied to understand the electronic,
photophysical, and electron injection properties of the dyes. We found that optimized
anthracene structures lay almost perpendicular to the plane of the adjacent substituents. The
introduction of a modified TB moiety significantly decreases the dihedral angle and results in
a planar structure, which extends the length of m-conjugated system to provide a broader
absorption spectrum, the An4 dye exhibited the greatest red shift in maximum absorption
wavelength. Introduction of a TB moiety into the dye structure facilitates electron transfer
from the donor and acceptor. The TB-modified dye structurehas a significant effect on
electron injection from the dye sensitizer to the TiO, surface. Our results demonstrate that use
of computational design can to help the experimentalist for out looking future developments

to identify TB-modified anthracene sensitizers for highly efficient solar cells.

Keywords: Anthracene, Triple bond, Linker Bridge, Dye-sensitized solar cells, Density

functional theory
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1. Introduction

DSSCs have received extensive attention since the first report of high-efficiency dye-
sensitized solar cells (DSSC) by O’Regan and Gritzel in 1991,' DSSC manufacture requires
relatively low-cost, facile processes compared to traditional silicon-based solar cells. Thus,
the conversion of sunlight to electricity using DSSCs is a promising source of affordable
renewable energy.2 During recent decades, there have been numerous reports of DSSC-based
investigations, with over 1000 articles published by the end of the 20" century, and this trend
continues to grow.” Metal-free organic-dye-based sensitizers show promise for DSSC
applications, and there is active experimental and theoretical research into the development of

organic-dye-based DSSC cells with high solar-to-electricity conversion efficiency.**

The majority of research into metal-free organic dyes is concerned with the design of
novel dye sensitizers, which are a key component in the DSSC working principle to harvest
solar irradiation for converting light to electricity. The metal-free dye based on a donor-
n-conjugated-acceptor (D-m-A) architecture can provide high-efficient photovoltaic
performance,’ the highest record exceeding 11%.* A variety of electron donating groups (D)
have been reported, including triarylamine,g coumarin,'’ carbazole,'' fluorine,"> and
phenothiazine.'* '* Three main electron acceptor groups (A) are used, namely, cyanoacrylic

.4 15 . . 116 . . 117
acid,” carboxylic acid, ~ and rthodanine-3-acetic acid.

The presence of a m-conjugated linker in an organic sensitizer broadens the visible
region absorption band by extending the length of the m-conjugation system. Structural
modification of the m-conjugated linker can greatly improve DSSC performance.> 8
Researchers have varied m-conjugated bridges by using a series of acenes comprising
polycyclic aromatic hydrocarbons with fused benzene rings in a rectilinear arrangement. In

particular, an anthracene moiety, which consists of three fused benzene rings, shows promise

. . 19 . ..
as an acene-modified linker. In recent years, Fan et al.”” reported a series of dye sensitizers
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with acene-modified linkers, from benzene to pentacene. Fan reported that the presence of an
anthracene unit provided several advantages, including good light-harvesting efficiency
(LHE) and improved electron injection properties. Thus, anthracene shows promising as a
linker component to provide a highly efficient dye sensitizer for DSSC applications.
Additionally, the anthracene group outperforms other acene-modified linkers in the benzene

to pentacene series,”” with an overall efficiency of approximately 5.44%.

Generally, there are two ways to derivatize anthracene as a m-conjugated linker;
substituent groups can be introduced at either the 9,10- or the 2,6-positions on the anthracene
unit to provide alternative conjugation pathways. However, substitution at the 2,6-positions
on anthracene is less thermodynamically favorable compared to 9,10-disubstitution, and there

are few reports on the incorporation of substituents at the 2,6-positions.”' >

Nonetheless,
substitution at the 2,6-positions offers lower steric congestion than that seen for
9,10-disubstitution, and generally maintains better planarity with the rest of the conjugated
system. A planar structure can provide a broader absorption spectrum, leading to better light
harvesting performan<:e.24'26 The majority of previous reports have focused on development
of organic sensitizers containing 9,10-disubstituted anthracene moieties for DSSCs. For
example, Thomas et al.*” reported the preparation of dye sensitizers featuring 9,10-substituted
anthracene linkers inserted between triarylamine-based donor and cyanoacrylic acid acceptor
units via a conjugation pathway composed of thiophene and benzothiadiazole units.
Teng etal.” designed and synthesized a series of metal-free organic dyes bridged by a
m-conjugation system containing anthracene. One of the reported dyes showed excellent
power conversion efficiency of up to 7.03% under simulated AM 1.5 irradiation
(100 mW/cm?). Heo et al®® reported the synthesis of various anthracene mediated
n-conjugated dyes incorporating triple-bond and thiophene moieties for fine-tuning molecular

128

configuration and for broadening the absorption spectrum. Liet al.”" reported a series of
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organic sensitizers featuring a 9,10-diaryl-substituted anthracene unit that facilitated the
construction of high conversion efficiency solar cells. However, all of the reported
9,10-anthracene-based sensitizers suffered severe steric congestion between the anthracene
core and the substituent aromatic rings. Therefore, relieving the steric congestion introduced
by substitution at the 9,10-positions on anthracene has the potential to improve the power

conversion efficiency of these organic-dye-based DSSCs.

Recently, Yan et al.”’ had studied on the introduction of triple bond (TB) moiety
between an electron donor and n-conjugate linker. However, the triple-bond insertion on this
way brings to reduce open-circuit photovoltage (V,.) owing to faster interfacial charge
recombination. On the other hand, Yang et al.*® had employed TB inserted between -
conjugate linker and an electron acceptor. The results showed that better electron injection
from the excited state resulting in significantly improved a short circuit photo current (Js).
Thus, we believed that the triple-bond modification is an important consideration in the future

dyes design.

Theoretical studies investigating the relationships between structure, and the
properties and performance of dye sensitizers offer shorter development times and significant
cost savings over traditional synthetic approaches. Accurate first-principle density functional
calculations using supercomputing facilities are now commonly available to research
groups.”'™ Calculations are employed as a tool to design, study, and screen dye sensitizer
candidates prior to synthesis. Computer-aided rational design of new dye sensitizers has

34-36 -

. 37-41
recently seen reports from several groups, including our own group.

In this study, we aimed to develop anthracene-based dyes that incorporate a triple
bond (TB)-modified n-conjugated linker to alleviate steric congestion between the anthracene

moiety and its neighboring aromatic rings. We introduced thiophene units at the 9- and 10-
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positions of an anthracene ring without TB-modification for dye Anl, as a reference dye. For
the An2 dye, we introduced a TB connector between the 9-position on anthracene and the
thiophene substituent. The An3 dye incorporated a TB group at the 10-anthracene position,
and the An4 dye featured TB 9,10-disubstitution. The molecular structures of the An1-An4
dyes are shown in Figure 1. Structural, optical, and electronic properties were investigated to
identify the effects of the different TB-substitutions on the light harvesting properties of the

dyes.

2. Computational details

All calculations on the structure and electronic properties of the isolated dyes have
been performed with the GAUSSIAN 09 program.*” The ground state geometries of the
modified Anl-An4 anthracene-based dyes were fully optimized using Density Functional
Theory (DFT) with Becke’s three-parameter hybrid function and Lee-Yang-Parr’s gradient-
corrected correlation function (B3LYP)43 at the 6-31G(d,p) level.* All calculations were
performed without symmetry constraints in the gas phase. Optimized structures were then be

used to calculate excitation energy (£,), maximum absorption wavelength (Ama), and

oscillator strength (f) for the 10 lowest energy states in dichloromethane solvent (CH,Cl,), by
applying Time-Dependent Density Functional Theory (TD-DFT) with CAM-B3LYP* at the
6-31G(d,p) level of theory. The TD-DFT results were entered into the SWizard program “°
for simulation of the dye absorption spectra.

To gain insight into the electron injection properties, the TiO; film were modeled with
a stoichiometric anatase (101) surface as the (TiO,);s cluster, which is similar to that
described by Nazeeruddin et al.*’ This model by DFT calculations using the DMol® program48
in Materials Studio, version 5.5 has been wildly used to study dye@TiO, adsorption and represents

a reasonable choice between accuracy and computational convenience, and nicely reproduces the

main electronic characteristics of TiO, nanoparticles.’”** %4> The HOMO, LUMO and



RSC Advances

HOMO-LUMO energy gap of the this cluster are calculated to be 27.98, 23.52, and 24.46
eV, respectively, while the lowest excitation is obtained as 3.75 eV>® which is reasonably
higher than typical band gaps of TiO, nanoparticles of a few nm size of 3.2-3.3 eV.>*** The
Ti0O, conduction band edge was calculated at ca. -4 eV vs. vacuum, in good agreement with
experimental values.”® In addition, this cluster size has been comparatively tested with a
relatively larger (TiO;)s; cluster and the both clusters shows a similar conduction band
structure, within 0.1 eV, to the corresponding periodic model.”” Therefore, this work we use
the (Ti0O,)sg cluster for representing the TiO, surface for dye adsorption.

The (TiO,)3s configurations were fully optimized using the generalized gradient-
corrected approximation (GGA) method. The Perdew—Burke—Ernzerhof (PBE) function was
applied with the DNP basis set to account for exchange-correlation effects. The core electron
was subjected to a DFT-SemicorePseudo Potential (DSPP). The criteria for the optimization
threshold are similar those used in our previous reports.3 739 4150 After optimization,

adsorption energies (E,qs) of the dyes on (TiO;);s clusters were obtained by Equation 1:

Eads = Edye+ETi02 _Edye+TiOz (1)

Where E,, is the total energy of the isolated dye, £y, is the total energy of the (TiO2)ss
cluster, and E, ., is the total energy of the dye-(TiO,)3s complex. Following calculation, a

positive E,qs value indicates stable adsorption of the dye onto TiO,.

3. Results and discussion
3.1 Optimized ground-state geometries

To gain insight into the molecular structures of the studied dyes, the ground-state
geometries of dyes Anl-An4 were optimized using DFT at the B3LYP level with the 6-

31G(d,p) basis set. The dyes are grouped into three parts as shown in Figure 2a: (i) two
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carbazole groups (Cbz) acting as donor, (ii) different thiophene groups (Thi), an anthracene
moiety (An), or a triple bond (TB) as linker, and (iii) cyanoacrylic acid (Cyn) as the acceptor.
Figure 2(b) shows optimized ground-state geometries for Anl-An4. Table 1 summarizes the

dye C-C bond lengths (r) and dihedral angles (¢). The calculated C-C bond lengths are

identical for all dyes within the donor moiety (Cbz-Cbz) (1.42 A), between the donor and
linker (Cbz-Thi) (1.46 A), and between the linker and acceptor (Thi-Cyn) (1.43 A). The

dihedral angles formed between the two donors (Cbz-Cbz) lie approximately 60° out-of-plane
from each other, resulting in reduced dye-aggregation at the donor group. All of the
calculated dihedral angles formed between the m-linker and the cyanoacrylic acid acceptor
(Thi-Cyn) are close to zero and accordingly, these components are almost coplanar. To
investigate the relationships between the various m-conjugated linkers and the charge transfer
properties, we examined the critical dihedral angles on the linker moiety. From the side view
of the studied dyes (Figure 2b), the presence of an anthracene moiety as linker-bridge in the
Anl dye, produces a large dihedral angle, with the anthracene and thiophene groups almost
perpendicular at the 9,10-anthracene positions, providing significant steric effects and loss of
planarity. Insertion of TB at position 9 on anthracene in An2, at position 10 in An3, and at
both 9,10-positions in An4, significantly decreases the dihedral angles compared to the Anl
dye. These observations reveal that the presence of a triple bond decreases the dihedral angles
at the 9,10-funtionalized positions on anthracene, which in turn reduces steric hindrance, and

increases planarity within the anthracene dye.

Furthermore, to describe the length of the conjugated bridge in the dye, we define “L”
as the distance of coplanarity formed between m-conjugated linker and the cyanoacrylic acid
acceptor. The side view in Figure 2b shows that distance L for the Anl dye is approximately

8.18 A. Substitution with TB at 9-position in the An2 dye has little effect on L; the distance is
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similar to that seen for dye Anl. Insertion of TB at position-10 in dye An3 produces a

significant increase in L, to 10.72 A. This suggests that the presence of TB at the 10-

functionalized position on anthracene extends the m-conjugation system. Position 10 is closer
to the cyanoacrylic anchor than is the 9-position, which is positioned opposite to the acceptor
group. Finally, the presence of TB groups at both the 9- and 10-positions in An4 results in
coplanarity between the anthracene moiety and the core molecule, and provides the longest L

distance of 17.53 A. The distance L is a key parameter for optimizing these anthracene based

sensitizers.

3.2 Frontier molecular orbitals (FMOs)

To further explore the effects of different m-conjugated linkers on intramolecular
charge transfer (ICT), we plotted the electron distributions in two frontier molecular orbitals:
the highest occupied molecular orbitals (HOMO) and the lowest unoccupied molecular
orbitals (LUMO). Figure 3 illustrates the HOMO and LUMO frontier molecular orbitals, and
the charge density differences (Ap) between ground and the excited states. An important
characteristic of electron density in the frontier molecular orbitals is the overlap between the
HOMO and LUMO. At LUMO of Anl and An2, there are no electron distributions on
anthracene unit indicating that the HOMO and LUMO do not overlap. This suggests that ICT
would not occur across the anthracene unit for these dyes. From the An3 and An4 (Figure 3),
the well-overlapped HOMO and LUMO orbitals extend across the anthracene =-linker,
suggesting good induction and electron-withdrawing properties for the donor and acceptor,
respectively. Thus, we anticipate that this strong-overlapping character will facilitate ICT

between the donor and acceptor, subsequently toward to conduction band of TiO,.

Furthermore, we perform the Ap plots revealing electron density differences between

the ground- and excited-states to provide further evidence for ICT. The decreased (purple)
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mainly localized on the donor and linker parts, while the increased (yellow) electron densities
localized on the anchoring group. In regards to the electron density delocalized throughout
the entire molecular backbone, the ICT as well as the injection mechanism are possible when
transition occurs for all dyes. The ICT property was generally accepted that is related to the
dipole moment (u) of the individual dye perpendicular to the surface of semiconductor. It is
reasonable that the larger p of the adsorbed dyes, the larger V.. Therefore, we performed
dipole moment calculation under B3LYP/6-31G(d,p) level at the geometry of isolated dyes.
The calculated total dipole moments (u) are listed in Table 2. The total p of dyes increases in
the order of Anl1 (6.30) <An2 (7.25) < An3 (7.47) <An4 (9.52) as the planarity changes. The

largest vertical dipole moment of An4 dye is considered to provide the great ICT property.

3.3 Energy diagram

Figure 4 shows calculated HOMO and LUMO energy levels for dyes Anl-An4.
Importantly, the HOMO energy level is required to match with the redox potential of the
iodine/triiodide (I/I3") electrolyte system for suitable charge recombination back to the
oxidized dyes, whereas the LUMO level is required to match with the TiO, conduction band
(CB) edge for efficient injection of excited electrons. For LUMO levels, the criterion for an
efficient electron injection process requires that the energy gap between the LUMO and the
CB edge of TiO, is greater than approximately 0.2 eV."” As shown in Figure 4, the simulated
LUMO levels are -2.89, -3.14, -2.96, and -3.12 ¢V for Anl-An4 respectively, which are
greater magnitude than the CB of (Ti0,)ss cluster of -4.00 eV in the experiment. The energy
gaps between the acceptor LUMO and TiO, CB calculated to be 0.61, 0.36, 0.54, and 0.38 eV
for the Anl-An4 dyes, respectively, indicating that injection of excited electrons from the
dye excited-state into the TiO; conduction band edge should be thermodynamically

favorable.
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For HOMO level, HOMO energy levels must lie below the I/I3" redox couple (-
4.80 eV)** > for efficient electron regeneration. Figure 4 shows that the HOMO energies of
the studied dyes are -5.31, -5.13, -5.23, and -5.14 eV for An1-An4, respectively. Thus, there
is a sufficient driving force for fast and efficient regeneration of the oxidized dye. Relatively
large energy gaps between the LUMO energies of these dyes and the semiconductor CB
together with the low lying HOMO of the I/I; redox couple would be beneficial to

photovoltaic conversion.

3.4 Absorption spectra and light harvesting properties

To determine the dye optical absorption characteristics and electronic transitions in
CH,Cl, solvent, we performed TD-DFT calculations using the CAM-B3LYP function under
the C-PCM continuum salvation model. The calculated maximum absorption wavelengths
(Aabs), oscillator strengths (f), electronic transitions, and light harvesting efficiencies (LHE)
are listed in Table 2. Simulated absorptionspectra for the Anl-An4 dyes are shown in

Figure 5.

The dyes exhibit two major absorption regions at roughly 292-374 and 450-562 nm.
We ascribe the absorption bands below 400 nm to m—n* transitions of the conjugated
molecules. Bands in the longer wavelength region greater than 400 nm commonly arise from
to ICT transitions, which are an important band for DSSC applications. Figure S shows that
Anl exhibits Ay at 374 nm (Table S1), which is below 400 nm, and thus ICT is probably
absent due to the large dihedral angles measured at the position 9 and 10 of anthracene for

Anl, as discussed in Section 3.1.

It is interesting to compare the optical properties of the Anl dye without TB, and the
An2-An4 dyes, which incorporate TB as a mlinker. The dye A.s values fall in the order

An4 (562 nm) > An3 (490 nm) > An2 (450 nm) > Anl (374 nm). The inclusion of TB in the
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m-conjugation chain causes red shift of the dye A, values. Compared to A,s of Anl dye at
374 nm, the red shifts of the A, are calculated to be 76, 116, and 188 nm for An2, An3, and
And4, respectively. These results clearly indicate that TB significantly extends the =-
conjugation length, resulting in emergence of strongly favorable ICT. The extension of the
linker conjugation length is further confirmed by the L distance, which increases in the order

An2 (8.18 A) < An3 (10.72 A) < An4 (17.53 A). An4 exhibits the broadest and most intense

absorption spectrum. Therefore, An4 is expected to be the most suitable dye for DSSC

applications.

We also calculated light harvesting efficiency(LHE) to determine the extent of light
absorption and J. values for the dyes.'’ The LHE can be approximated by Equation 2.
LHE=1-104=1-107/ 2

3
]SC = J‘LHE(Z) QinjE‘Ct ncollectdl ( )

Where, A(f) is the absorption intensity (oscillator strength) of the dye, associated with
Aabs, Pinject 1S the quantum yield of electron injection, and #oiec; represents electron collection
efficiency. The LHE against absorption wavelength are plotted in Figure 6, while the
calculated LHE values at maximum wavelengths are listed in Table 2. The An2—An4 dyes
with triple bond-modified linkers show greater LHE values than the Anl dye without TB.
LHE curves show that after TB-modification, light harvesting efficiency remarkably
increases. The An4 is expected to be potential sensitizers for harvesting light along high
photo flux spectrum which extend to near infrared region. Because the LHE is proportional to
Jse» as shown in Equation 3, we expect that the An4 dye which is superior to other
compounds, will also have the greatest J;. value, and thus, use of An4 would provide the

greatest efficiency in DSC applications.
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3.5 Driving force (AG™*"") and the electron injection process

For electron injection processes in DSSCs, the free energy change (AG™*®) is an
important parameter for characterizing the rate and efficiency of the reaction. Figure 7 shows
the free energy change (AG™*") that occurs as a result of electron injection in a DSSC. The
initial state of the reaction is the excited electron of dye adsorbed on a TiO; surface, and the
final state corresponds to the injected electron on TiO, surface. The AG™*" can be obtained
from Equation 4, representing the energy difference between these initial and final states,
where E* representing to the photo-induced excited states of the organic dyes and Ecp
representing to reduction potential of the TiO, semiconductor. The En* can be computed
from Equation 5, where E. is the redox potential of the dye in the ground state and Ags is
the absorption energy.

AGM — E_ % _Eog “)
Eur* = Eoe - D ©)
Taking into account the AG™" listed in Table 2, we found that all AG™*" values are
negative with sufficiently high AG™*" value (>0.2 eV) to obtain a high efficiency of electron
injection in DSSCs,” the electron injection process thermodynamically possible (i.e., AG™*!
<0), confirming that the LUMO level of the dye must lie above the TiO, CB edge. Therefore,
photo-excitation should be capable of producing sufficiently excited electrons for injection
into the TiO, conduction bands. To enable sufficient driving force for electron injection, a
good overlap of the excited states of the dye and the potential of the TiO, is crucial.’!

To further study the structure of the dye sensitizer-semiconductor interface and the
process of electron transfer from the dye sensitizer to semiconductor surface, we modeled the
Anl-, An2-, An3-, and An4-TiO, adsorption complexes (Dyes-TiO;) using the Dmol’

computer program. Figure 8 shows the optimized structures, and Table 3 lists adsorption
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energies (Eag). As shown, the optimized adsorbed-dye structures are positioned almost
perpendicular to the TiO, surface, linked by two O-Ti bonds in a bidentate-bridging
adsorption mode. The calculated E,q values for Dyes-TiO; are in the range 19-21 kcal/mol,
indicating strong interactions between the dyes and the TiO, surface. In addition, to consider
dipole moment of the dyes adsorbed onto (TiO,)ss cluster, we made the C2 axis of the
carboxylate in the dye parallel to the y-axis, and the semiconductor surface is parallel to the
xz plane as shown in Figure 8. The calculated dipole moments along y-axis (u,) of dyes
increased in the order of Anl (21.730) <An2 (24.52) < An3 (25.04) <An4 (26.02),
respectively. This calculated result confirms the strong intramolecular charge transfer (ICT)
property of TB modified-linker dyes (An2, An3, An4) which expected to perform higher

electron injection efficiency than Anl dye without TB.

Upon excitation, electronic coupling and electron transfer take place between the
LUMO on the dye and the CB on TiO,. Thus, it is important to analyze the frontier molecular
orbitals of the Dyes-TiO, complexes, and for the LUMO in particular. To get more insights
into the orbital charge densities for frontier molecular orbitals of the Dyes-TiO, complexes,
the optimized geometries of the Dyes-TiO, complexes from DMol® were further calculated
the electronic transition energies with TD-DFT calculations using CAM-B3LYP functional
with the 3-21G(d) basis as implemented in the GAUSSIAN 09 program. The results are
shown in Table 3. Figure 9 shows selected isosurface frontier molecular orbitals, including
HOMO, LUMO, and other interacting orbitals of the Dyes-TiO, complexes. For the Anl-
TiO, adsorption complex (Figure 9a), the electronic transition corresponds to a
HOMO—LUMO interaction. The HOMO electron density localizes on the Cbz-Cbz donor
group, while electron density in the LUMO is located on the TiO, surface. However, this
transition does not represent the direction of electron transfer, because there is no electron

density located at the cyanoacrylic acid anchoring group for the LUMO of the dye acceptor.
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This calculated result probably arises because of the twisted anthracene geometry in Anl,
with dihedral angles at the 9- and 10-positions that are almost perpendicular to the

cyanoacrylic acid anchoring plane, and which result in suppression of electron transfer.

For the An2-TiO, adsorption complex (Figure 9b), the electronic transition
corresponds to the linear combination of HOMO—LUMO+59 and HOMO—LUMO+60. The
electron distribution of the HOMO mainly localizes on the anthracene moiety and the
adjacent carbazole unit. This calculated result is consistent with the incorporation of TB
between 9-anthracene and the carbazole donor, which results in a significantly decreased
dihedral angle between anthracene and the adjacent carbazole group, and consequently
improved electron transfer from the carbazole donor onto anthracene. However, electron
density cannot extend past the 10-position because of the large dihedral angle, and
consequently, there is no electron density located on the cyanoacrylic acid anchoring group
for LUMO+59 or LUMO+60. Thus, this transition also could not represent a route for

electron transfer from the dye to the TiO, surface.

In contrast, An3-TiO; and An4-TiO; adsorption complexes (Figure 9¢ and 9d) with
TB at positions 10 and 9,10 on anthracene, respectively, have much smaller dihedral angles at
the 10-position and are essentially planar. Consequently, electron transfer to the TiO, surface
via the cyanoacrylic-anchoring group can occur. On the other hand, in order to have back
electron transfer, the electron from the TiO, needs to enter the dye via the anchor. Therefore,
if the LUMO of the dye is considerably more localized on the anchors and has a small
contribution from the chromophoric unit, back electron transfer will be hampered.” The
charge recombination is found to be less probable in An-3 and An-4 due to large
contributions of the anchoring atoms to the LUMO orbital density compared to An-1 and An-

2, see Figure 9.
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In order to understand electron injection mechanism we analyzed the energy level of
the An-3 and An-4 dyes before and after interacting with the (TiO2)sg cluster (Figure S1),
representing a schematic description of the electronic structure for the free dyes, bare TiO,
and dye@TiO, system. We found that the LUMO level of the dye@TiO, complex is lower
than that for the free dye, which is above the CB level of the TiO, indicating the efficient
electron transfer from the dye to the semiconductor surface in DSCs. As shown, the HOMO-1
electron distribution for An3-TiO; and HOMO for An4-TiQ, are mainly localized on the
anthracene moiety, with slight delocalization to the anchoring group, while the patterns of
LUMO+21 for An3-TiO, and LUMO+20 for An4-TiO,, show that the electron distribution
is delocalized across both the TiO, surface and the cyanoacrylic-anchoring group. These
distributions represent electron transfer from the dye via the anchoring group to the TiO,
surface as a consequence of direct electron injection. The effects of connecting the anchoring
group to anthracene at different positions for An3-TiQ; (9-position) and An4-TiO, (9,10-
positions) adsorption complexes are similar. The reason is that electron density can transfer
from anthracene to the TiO, surface through the small dihedral angle between anthracene and
thiophene at the 10-position. Thus, the presence of TB plays a key role in electron transfer

and in the injection mechanism at the (TiO;);s surface.

4 Conclusions

In summary, we used computational methods to design and investigate a series of
three anthracene-based dyes, An2—-An4, with a TB-modified n-conjugated linker and
compared these to the Anl dye without TB substitution. Interestingly, all three anthracene-
based sensitizers An2—An4 showed significant decreases in the dihedral angle between the
anthracene unit and its substituents at the 9,10-positions, resulting in a nearly planar
molecular geometry for each dye. The presence of a planar structure greatly affects the

absorption spectra, which broadens with increasing coplanarity distance (L). Furthermore,
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molecular coplanarity of with the m-conjugated linker has a significant effect on electron
distribution overlap on anthracene, which facilitates ICT. According to calculated absorption
spectra, the An4 dye exhibits a prominent red-shift in its absorption peak, which is beneficial
to its light-harvesting efficiency. The calculated electronic transitions for the dye-(TiO;)ss
clusters revealed that dyes bearing a TB moiety directly linked between anthracene and the
anchoring group, exhibit electron injection from the dye to the TiO, surface. These results
indicate that inclusion of a triple bond-modified n-conjugated linker in these dyes during

synthesis is necessary for the construction of high-efficiency organic sensitizers.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure S1

Sketch map of the studied dyes Anl — An4.

(a) The molecular structures were categorized into three parts of donor, linker,
and acceptor, (b) Optimized structures of the studied dyes Anl — An4 calculated
by B3LYP/6-31G(d,p) level of theory.

The frontier molecular orbitals of HOMO (left) and LUMO (middle), and the
charge density difference between the ground- and excited-state (right) of the
studied dyes calculated under TD-CAM-B3LYP/6-31G(d,p). The purple
represent where the electrons are decreased and the yellow represents where the
electrons are increased.

Computed HOMO-LUMO energy levels for the studied dyes Anl — An4 at the
TD-CAM-B3LYP/6-31G(d,p), together with the TiO, conduction band edge and
the I'/15” redox potential.

The calculated UV-Vis spectra of Anl —An4 dyes using TD-CAM-B3LYP/6-
31G(d,p) model in CH,Cl, solution.

LHE curves of Anl —An4 dyes along with photon flux spectrum at ASTM-G173
AML1.5G.

Schematic of free energy change (AG™*®) producing form the energy difference
between ErLumo and Ecg.

Optimized structures of Anl-, An2-, An3- and An4-TiQ, adsorption complexes
calculated by PBE/DNP in the Dmol’.

Electronic transitions of a) An1-TiO,, b) An2-TiO,, ¢) An3-TiO, and d) An4-
TiO; adsorption complexes calculated by TD-CAM-B3LYP/3-21G(d).

Schematic energy diagram of the free dyes, bare TiO, and dye@TiO; system at
the optimized structures by Dmol’.
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Triple bond-modified linker

Anl

An2

An3

An4

Figure 1 Sketch map of the studied dyes Anl - An4.
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Figure 2 (a) The molecular structures were categorized into three parts of donor, linker, and acceptor, (b)
Optimized structures of the studied dyes Anl - An4 calculated by B3LYP/6-31G(d,p) level of theory.
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Figure 3 The frontier molecular orbitals of HOMO (left) and LUMO (middle), and the charge density
difference between the ground- and excited-state (right) of the studied dyes calculated under TD-CAM-
B3LYP/6-31G(d,p). The purple represent where the electrons are decreased and the yellow represents where
the electrons are increased.
474x317mm (300 x 300 DPI)
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Figure 4. Computed HOMO-LUMO energy levels for the studied dyes An1 - An4 at the TD-CAM-B3LYP/6-
31G(d,p), together with the TiO2 conduction band edge and the I-/13- redox potential.
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Figure 5 The calculated UV-Vis spectra of Anl —-An4 dyes using TD-CAM-B3LYP/6-31G(d,p) model in CH2CI2
solution.
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Figure 6 LHE curves of Anl -An4 dyes along with photon flux spectrum at ASTM-G173 AM1.5G.
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Table 1 Selected bond lengths (7, A) and dihedral angles (¢, degree) for optimized structures of dyes Anl-An4 calculated at the
B3LYP/6-31G(d,p) level of theory.

Donor  Donor- Linker Linker Linker-Acceptor

e Cbz-Cbz Cbz-Thi Thi-An Thi-TB TB-An An-TB TB-Thi An-Thi Thi-Cyn
Bond length (7)

Anl 1.42 1.46 1.48 1.48 1.43

An2 1.42 1.46 1.40 1.42 1.48 1.43

An3 1.42 1.46 1.48 1.41 1.40 1.43

An4 1.42 1.46 1.40 1.41 1.41 1.40 1.43
Dihedral angle (¢)

Anl 59.21 29.20 88.83 -87.57 0.19

An2 59.98 -27.92 0.66 0.35 -90.98 -0.13

An3 58.72 -29.68 80.39 0.36 0.09 -0.15

An4 58.26 -37.36 0.40 0.05 0.11 -0.01 -0.08

Cbz = Carbazole, Thi = Thiophene, An = Anthracene, TB = Triple bond, Cyn = Cyanoacrylic acid
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Table 2 The maximum absorption wavelength (A.s), oscillator strength (f), light harvesting
efficiency (LHE), electron injection driving force (AG"/*") and transition
compositions of Anl- An4 dyes, calculated by TD-CAM-B3LYP/6-31G(d,p) in
CH,Cl, solution (C-PCM model).

Dyes  p,° Aabs, f  LHE® ‘En* JAG™ Transition
(Debye) nm(eV) compositions
Anl 6.30 374 0.8596 0.86 2.01 -1.99  (+0.62) H-1-»L+1
(3.31) (-0.21) H-2—>L+1
An2 7.25 450 1.6038 0.97 2.39 -1.61  (+0.63) H>L+1
(2.75) (+0.22) H-1->L+1
An3 7.47 490 1.6325 0.98 2.71 -1.29  (+0.51) H-1->L+1
(2.53) (-0.40) H>L
An4 9.52 562 2.2861 0.99 2.92 -1.08  (+0.63) H—L
(2.21) (-0.17) H>L+1

* uy is dipole moment in the direction perpendicular to the TiO, surface
"LHE=1-10""=1-10"

¢ Eo* = Eox - habs

d AGinject :on* _ ECB
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Table 3 The calculated adsorption energy (Eags) obtained using the Dmol’ computer program.
Excitation energies (Ecx), oscillator strengths (f), and the transition compositions for
Anl-, An2-, An3-, and An4-TiO; adsorption complexes, calculated by the
TD-CAM-B3LYP/3-21G(d,p) level of theory

Complexes E,qgs E, eV(nm) f Transition compositions
(kcal/mol)

Anl-TiO; 2072 3.07(404)  0.5570 (+0.90) HL
An2-TiO, 19.58  3.76(449)  1.6644 (+0.24) H—L+60
(+0.24) H—L+59
An3-TiO, 19.88  2.50(495)  2.0339 (+0.26) H-1—L+21
(+0.21) H-1>L+12
And-TiO, 20.80  2.19(566)  2.6740 (+0.26) H—L+9
(+0.26) H—L+20

NOTE: H=HOMMO, H-1 =HOMO-1, H-2 = HOMO-2, ...
L=LUMO, L+1 = LUMO+1, L+2 = LUMO+2, ...



