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ABSTRACT: Two organic dyes (LS-1 and IQ,) containing identical electron ~ *'* T

donor and acceptor units but distinct 7 units result in significantly different o el i
power conversion efficiency of the corresponding dye-sensitized solar cells T i

LS-1 (1=4.4%)

(DSSCs): LS-1, 4.4%, and 1Q, 9.2%. Herein, we combine first-principle

% 010+
calculations and molecular dynamics to explore the aggregation effects of LS-1 E‘"
and 1Q, by comparing their optical properties and intermolecular electronic £
couplings. The calculated absorption spectra are in good agreement with the
experimental observations and reveal them to be evidently affected by the 3

=

dimerization. Furthermore, molecular dynamics simulations show that steric
hindrance induced by the diphenylquinoxaline unit in IQ, can elongate the
distances between intermolecular 7 units or electron donors, which are
responsible for the fact that the intermolecular electronic coupling of LS-1 is
about 10 times larger than that of IQ,. More importantly, the aggregated 1Q,
remains almost perpendicular to the TiO, surface, whereas LS-1 gradually tilts
during the dynamic simulation, impacting electron injection and recombination in several ways, which clarifies why IQ, leads to
larger photocurrent and higher conversion efficiency. The deep understanding of the dye aggregation effects sheds new light on
the complex factors determining DSSC function and paves the way for rational design of high-efficiency self-anti-aggregation
sensitizers.
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1. INTRODUCTION

Dye-sensitized solar cells (DSSCs) have been considered as bination b he iniected el d the e
potential low-cost high-efficiency alternatives to replace the recombination between the injected electron and the electro-

12,13 . . . 1.
traditional silicon-based photovoltaics for a few decades.' ™ As lyte, the strong intermolecular interaction within the
compact dye layer leads to lateral charge transfer between the

dye layers as well as excited-state quenching, which is adverse to

because the formed compact dye layer on the TiO, surface can
extend the light absorption window and suppress electron

the most critical component in DSSCs, dye-sensitizers take part
in light absorption, charge injection, dye regeneration, and

charge recombination, which are key processes regulating the
power conversion efficiency (PCE, 7).”° Compared with
organometallic dyes containing zinc (Zn) and ruthenium
(Ru), organic dyes with the common donor—z linker—acceptor
(D—7—A) configuration possess various merits such as easy
synthesis, facile structure modification, and abundance.’™®
Recently, the photovoltaic performance of DSSCs employing
pure metal-free organic dyes has achieved 12.5%,” close to the
DSSCs record of 13% based on Zn(II) porphyrins. Never-
theless, the PCE of metal-free DSSC is generally under 9% and
lower than those based on Ru complexes'”'" and Zn(II)
porphyrins.*

Most organic dyes are prone to form aggregates on the
photoanode (typically nanocrystalline TiO,) because of
electrostatic and noncovalent interactions of adjacent dye
molecules. Although some aggregates are reported to be benign
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the process of electron injection into the TiO, conduction band
and thus reduces the photocurrent and the overall photovoltaic
performance.' "

To mitigate undesired dye aggregation in DSSCs, various
approaches have been developed. One common method is the
use of coadsorbents, typically deoxycholic acid (DCA) and
chenodeoxycholic acid (CDCA), that compete with the dyes in
the immersion process on TiO, and to some extent block the
dye—dye interaction.'*'®'” Meanwhile, the coadsorbents
occupy some adsorption sites of the dye on the photoanode
and lead to a consequent decrease in light-harvesting efficiency.
Another effective way is the introduction of sterically hindered
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groups on the molecular skeleton of the organic dyes, includin§
the donor part,'®"? the 7 linker,””*" and the acceptor moiety.”

However, incorporation of a lon% alkyl chain on the donor part
has little antiaggregation effect,” and introduction of an alkyl
chain on a thiophene linker may decrease the photostability of
the device.”” Additionally, a novel strategy to solve the
aggregation problem has been put forward by inserting an
additional electron-withdrawing unit between the electron-
donor part and the 7 framework, thus constructing D—A—7—A
featured sensitizers.”* > The incorporated acceptors, such as
diketopyrrolopyrrole,”* benzothiadiazole,””® benzotria-
zole,”””® and quinoxaline,””* not only restrain the
intermolecular aggregations via steric hindrance but also help
to keep a balance between the open-circuit voltage (V) and
the short-circuit current density (Jsc) by modulating the energy
levels of the frontier orbitals.

On the theoretical side, great efforts have been made with
regard to the investigation of dye aggregation in DSSCs in
terms of adsorption patterns, optical properties, and electronic
structure. De Angelis and co-workers have systematically
modeled a series of dye—dye intermolecular interactions taking
place in DSSCs by modern first-principles computational
methodologies.”**' They found that the dye—dye aggregation
is of paramount importance in determining the overall DSSC
conversion efficiency because the optical and electronic
properties strongly depend on the aggregation patterns.”*~*'
Zhang and Cole have studied the adsorption properties of p-
methyl red monomeric-to-pentameric dye aggregates on
anatase (101) TiO, surface via density functional theory
(DFT) calculations.” Their results showed that monomer-to-
tetrameric dye aggregates exhibit progressive red-shifting in the
absorption spectra, whereas the pentameric form has a blue-
shifted peak, suggesting that high-order aggregates beyond the
dimer should be considered to fully understand the dye
aggregation effects in DSSC.*” Kusama and Sayama have
carried out ab initio calculations on the intermolecular
interactions in black dye dimers and black dye—DCA
complexes.”> The obtained results demonstrate that intermo-
lecular hydrogen bonds were the main inducement for
aggregation.43 For our own part, we have carried out
computational investigations on the aggregation effects of two
indoline sensitizers, WS-2 and WS-6, which have identical
molecular skeletons except that WS-6 bears an additional hexyl
substitute resulting in 45% higher PCE."* We discovered that
WS-2 is more prone to forming compact aggregates in solution
and on TiO, surfaces and that the resulting strong aggregation
interactions can induce larger electronic coupling between the
stacked dimers, which may be detrimental for electronic
injection from dye to TiO, and thus partly responsible for
the loss of photovoltaic efficiency.** Clearly, theoretical works
have provided plentiful insights into the understanding of the
aggregation effects and may assist the molecular engineering of
novel eflicient sensitizers. However, most of the optical and
electronic properties were obtained on the basis of static
models, and the dynamic effects that might be crucial in the
charge transfer and energy transfer processes are lacking.

Herein, we report joint first-principles calculations and
molecular dynamics (MD) simulations on the aggregation
effects of two organic sensitizers, IQ, and LS-1. (See the
chemical structures in Scheme 1.) As can be seen, IQ, has the
same molecular framework as the typical D—z—A dye LS-1 but
with an additional acceptor unit 2,3-diphenylquinoxaline
interspersed, thus resulting in a D—A—7—A configuration.

Scheme 1. Molecular Structures of LS-1 and IQ,
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The 1Q,-based DSSCs display much better performance (17 =
9.24%, Voc = 0.74 V, Joc = 17.55 mA cm™2, and ff = 0.71)**
than that of the LS-1-based device (17 = 4.42%, Vo = 0.62 V,
Jsc = 1125 mA cm™ and ff = 0.63).”” Apart from some
dissimilarities in solar cell structure and fabrication method,
experimental observations suggest the main reasons for the
different performance of the above-mentioned solar cells may
come from distinct absorption coefficient (27 300 M'em™ in
1Q, and 20 100 M'em™" in LS-1) and aggregation effect of the
employed sensitizers. For coadsorption with 20 mM DCA, the
conversion efficiency variations are different: IQ, reduces to 1 =
8.18%, whereas LS-1 increases to 1 = 4.72%, suggesting that
IQ, possesses superior self-anti-aggregation character and that
the aggregation effect in LS-1 is serious.””’

Our results reveal that the two phenyl groups grafted onto
the extra electron-withdrawing quinoxaline efficiently block the
aggregations of adjacent dyes owing to steric restriction. MD
simulations show that the dimeric configuration of (I1Q,),
remains almost perpendicular, whereas (LS-1), dimers tend
to tilt toward the TiO, surface, indicating different behavior for
charge injection and recombination. Importantly, the inter-
molecular electronic coupling values of (IQ,), dimers within 10
ps of MD simulation are always smaller, and the average value is
about 1/10 of that of (LS-1), dimers, suggesting weaker
intermolecular charge-transfer character and elucidating sig-
nificant improvement in Jsc of 1Q,-based DSSCs.

2. COMPUTATIONAL DETAILS

Density functional theory (DFT)***° calculations have been carried
out to optimize the ground-state geometries of isolated and dimeric
dyes in solution using the B3LYP functional enhanced by dispersion
corrections*”** with the 6-31G(d,p) basis set.* Dispersion corrections
proposed by Grimme*®*® can improve the accuracy of theoretical
simulations for systems including noncovalent interactions, such as
hydrogen bonding, 7—x stacking, and van der Waals interactions,
which are ubiquitous and significant in dye aggregates in DSSCs. A
normal-mode analysis is carried out at the same level of theory to
confirm that the optimized geometries are minima on the potential
energy surface. The (TiO,) 4 cluster was constructed by clipping an
anatase slab to show the (101) surface. The employed (TiO,)
cluster, without unsaturated atoms or groups at the boundary, is an
almost-square TiO, (101) two-layer anatase slab, with four rows of
five- and six-coordinated surface Ti sites. To reduce computational
cost, the geometries of dyes (monomers and dimers) adsorbed on the
TiO, surface were optimized by the DFTB method.”’ The DFTB
approach is an approximation of DFT based on a second-order
expansion of the DFT total energy around a reference electron density.
The SK-parameters of mio-1—1 05253 £5r C, N, O, H, and S and tiorg-
0—1"*for Ti were employed. Molecular dynamics simulations of 10 ps
duration have been carried out at T = 298 K in the NVE ensemble
with a time step of 1 fs with the DFTB+ 1.0.1 package.’’ For the
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absorption spectra, we carried out time-dependent DFT (TDDFT)
calculations using the MPWIK hybrid density functional with 6-31G
(dp) basis set in CH,Cl, solution. To reduce the computational
efforts, the (TiO,),,4 cluster was removed when simulating the
absorption spectra on TiO,. In the simplified model, the excitations
between the dyes and TiO, will not be involved, thus probably leading
to the absence of normally observed bathochromic shift in the
absorption spectra of dyes adsorbed on TiO,*° However, the
compromising effects should be similar in cases of LS-1 and IQ,,
and our focus is on the relative band shifts upon aggregation. In DFT
and TDDFT calculations, solvent effects were considered using the
polarizable continuum model of solvation (C-PCM)*° implemented in
the Gaussian 09 code.””

The intermolecular electronic coupling (I/'ij) is an important
parameter for evaluating the coupling strength in aggregates. V;; can
be estimated by the overlap of the frontier orbitals of the two adjacent
molecules in a dimeric aggregate:>®

Vi, = <(pFlMO|H|(pFZMO>

where @hyo and @20 are the frontier molecular orbitals (FMO) of
the two adjacent molecules 1 and 2. In this work, the FMO are
approximated as the corresponding highest occupied molecular
orbitals (HOMO). The V;; values were computed with two methods:
the “energy splitting in dimer” (ESID) method and a direct
approach.” > Using the ESID method, on the basis of Koopmans’
theorem,” the V;j were computed as one-half of the energy splitting of
the two HOMO of the interacting monomers at the geometry that
they have in the stable dimer. As for the direct method, the Fock
operator (Kohn—Sham-Fock operator) in the dimer was used to
evaluate the electronic coupling element, and its density matrix was
constituted from noninteracting molecular orbitals.®>

3. RESULTS AND DISCUSSION

3.1. Structures and Optical and Electronic Properties
in Solution. The energy gap between the HOMO and the
lowest unoccupied molecular orbital (LUMO) determines the
optical absorption, polarizability, chemical reactivity, and kinetic
stability of a molecule.”* The energy levels and isosurfaces of
HOMOs and LUMOs are depicted in Figure 1. It was reported
that the HOMO—-LUMO energy gap can be effectively
decreased by incorporating an acceptor unit in the 7 bridge,
which results in a redshift of the electronic absorption spectra.””
In Figure 1, the computed HOMO—LUMO energy gap of 1Q,
(2.09 eV) is smaller than that of LS-1 (2.44 V), which is in line
with the experimental observation.”” Both HOMO and LUMO
are of & character and are delocalized over the molecular
skeletons in LS-1 and IQ,. However, the HOMO of IQ, is
more localized on the donor part with respect to that of LS-1,
where the HOMO partly spreads on the z linker and the
acceptor part, indicating a reduced overlap between HOMO
and LUMO effected by incorporating the diphenylquinoxaline
unit in IQ,. In addition, the HOMO and LUMO extension on
the two phenyl rings of the 2,3-diphenylquinoxaline moiety is
negligible, suggesting the absorption spectra are not much
influenced by the presence of the two phenyl rings. Note that
the HOMOs are below the redox potential of the common
redox couple I"/I;” and that the LUMOs are energetically
higher than the conduction band edge of the frequently used
semiconductor TiO, (Figure 1) which confirms that both LS-1
and IQ, are suitable to ensure the electron injection from the
excited dye to TiO, and the dye regeneration by the redox
couple in DSSCs. Furthermore, the contribution of the
anchoring group (COOH) to HOMO and LUMO of LS-1 is
1.57 and 8.81%, respectively, whereas it is 0.2% to HOMO and
7.35% to LUMO in IQq. It is known that the contribution of
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Figure 1. Calculated energy levels and isosurfaces of HOMOs (in red)
and LUMOs (in blue) of LS-1 and IQ, in CH,Cl, solution together
with the experimental conduction band (CB) edge of TiO, and the
redox potential of I7/I;™.

anchorin% group to LUMO strongly impacts the electron
injection.” Thus, our results indicate comparable electron
injection performances in LS-1 and 1Q,.

The calculated absorption spectra of LS-1 and IQ, in CH,Cl,
are shown in Figure 2ab. The calculated lowest excitation
energy of 1Q, (2.50 eV) is obviously red-shifted compared to
that of LS-1 (2.59 eV), which agrees well with the experimental
trend (IQ, 2.34 eV; LS-1, 2.57 €V).””** The computed key
parameters related to the optical properties of the two isolated
dyes (LS-1 and IQ,) in CH,Cl, solution are summarized in
Table 1. It is noticed that the lowest excitation energies of LS-1
and IQ, exhibit large oscillator strengths and correspond
essentially to HOMO—-LUMO excitations. Moreover, 1Q,
shows an additional absorption band around 3.22 eV (~385
nm) (Figure 2b), which ensures effective light harvesting in this
region. However, the calculated lowest excitation energy of
isolated 1Q, (2.50 eV) is overestimated compared to the
experimental result (2.34 eV), implying that aggregates more
than the monomers should be taken into account for better
assignment of the absorption spectra. Next, we will further
study the optical properties of the dimers to get more insights
into the absorption spectra.

For the dimers of LS-1 and IQ, in solution, we have
considered the two most possible configurations as shown in
Figure S1: one is the face-to-face stacking pattern (pattern A),
and the other one is the face-to-back stacking pattern (pattern
B), where one dye is rotated by 180° around the long axis with
respect to dimer A. The dye aggregates in CH,Cl, solution are
labeled as (LS-1),-A, (LS-1),-B, (IQ,),-A, and (IQ,),-B,
respectively. The interaction energies (AE) of dye dimers in
CH,(Cl, solution are listed in Table S1, which are computed as
the difference between the total energy of the dimer and twice
the energy of the isolated molecules. It is apparent that the AE
of (LS-1), dimers (—1.21 and —1.19 eV) are much smaller than
those of (IQ,), dimers (—2.28 and —2.23 €V), indicating that
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Figure 2. Calculated absorption spectra of monomers and dimers: (a) LS-1 in CH,Cl, solution, (b) IQ, in CH,Cl, solution, (c) LS-1 adsorbed on

TiO, surface, and (d) I1Q, adsorbed on TiO, surface.

Table 1. Computed TDDFT(MPWI1K)/6-31G(d,p)
Excitation Energies (E), Oscillator Strengths (f), and
Dominant Excitation Configurations for the Lowest Excited
State (S,) in CH,Cl, Solution at the Geometry Optimized by
B3LYP/6-31G(d,p)

monomer (egl') f (/E;;ra)x) MO character
LS-1 S, 2.59 1.309 478.9 HOMO—LUMO (68.8%)
Q, S, 250 0968 4961 HOMO—LUMO (65.3%)
LS-1° S, 2.57 483
1Q,° S, 234 529

“Experimental data in CH,Cl, solution from reference 27.
bExperimental data in CH,Cl, solution from reference 32.

the additional 2,3-diphenylquinoxaline group contributes a lot
to the intermolecular interaction.

It is noticeable that in Figure 2b that the strongest absorption
band moves to around 550 nm in (IQ,),-B compared to that of
the isolated IQ,. As listed in Table 2, the S, state of dimers (LS-
1),-A, (LS-1),-B, (IQ4),-A, and (1Q,),-B are located at 2.42,
2.48, 2.35, and 2.20 eV, respectively. Note that the lowest
excitation energies of (LS-1), dimers are slightly shifted (Figure
2a) and vary from 2.59 €V in isolated LS-1 to 2.55 eV for (LS-
1),-A and to 2.65 eV for (LS-1),-B. Interestingly, a different
optical response is observed for (IQ,), dimers: The band
maximum moves from 2.50 eV in monomeric IQ, to 2.52 eV
for (IQy),-A, exhibiting a slight blueshift, whereas for (1Q,),-B,
an obvious redshift of about —0.20 eV is found (Figure 2b).
Furthermore, the S, state of (IQ,),-B located at 2.30 eV is close
to the experimental 4, (2.34 eV),” which implies that (1Q,),-
B may exist in solution and features a broadened light-
absorption window that is a favorable effect with regard to the
conversion efficiency in DSSCs. Therefore, our results reveal

Table 2. Computed Vertical Excitation Energies (E), Oscillator Strengths (f), the Maximum Absorption Wavelength (4,,.,), and

the Dominant Configurations of Dimers in CH,CIl, Solution

dimer state E (eV) f
(LS—I)Z-A S, 2.42 0.155
S, 2.55 1.013
(LS—I )Z-B S, 2.48 0.094
S, 2.65 2197
s, 235 0.208
(1Q.)-A S, 2.52 0.892
(IQA)Z-B S, 2.20 0.171
S, 2.30 1179

Amax (NM) MO character shift”
512.8 H-1-L (48.4%) —-0.17
486.8 H-L (54.9%) —0.04
500.4 H-1-L (53.0%) —0.11
468.2 H-L (53.0%) 0.06
527.5 H—L (63.4%) —0.15
4922 H-1-L (62.1%) 0.02
564.7 H-L (62.9%) —-0.30
539.3 H-1-L (66.0%) —0.20

“Shifts (eV) with respect to the corresponding monomer in CH,Cl, solution.

22507

DOI: 10.1021/acsami.5b06743
ACS Appl. Mater. Interfaces 2015, 7, 2250422514


http://dx.doi.org/10.1021/acsami.5b06743

ACS Applied Materials & Interfaces

Research Article

that the dye aggregates partly contribute to the observed
absorption spectra.

As found in our recent work,** there is a close relationship
between absorption spectra and dimer structure. Therefore,
further investigations are focused on the dimeric configurations
by detecting the variation of dihedral angles between different
units from isolated to aggregated dyes. The selected dihedral
angles are summarized in Tables S2—S3, and the sketches of
the dihedral angles for (LS-1), dimers and (IQ,), dimers are
presented in Figure 3b. For LS-1 dimers, the variations of
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Figure 3. Schematic presentation of (a) intermolecular distances (r,—
r;) between two individual dyes in a dimer (r, and r, for the distances
between 7 units; ry and r, for the distances between donor parts) and
(b) dihedral angles (6,—0;) between different units of LS-1 and 1Q,.

charge recombination in DSSCs.578 Following the method-

ology developed by Durrant and co-workers, the dye-cation/
TiO, spatial separation r was determined by calculating the
geometric distance between the carbon atom of the carboxylic
group and each atom of the dye and by weighting this value
with the square of the percentage contribution of the atom to
the HOMO orbital.®” As shown in Figure 4, the spatial distance

LS-1 1Q4

Figure 4. Distances between the hole of dye cation and TiO, surface
for LS-1 and IQ,.

of 1Q, (14.3 A) is much longer than that of LS-1 (9.3 A),
implying less charge recombination possibility in the IQ,-based
device via the through-bond transfer path.

Following our recent work,™ four possible adsorption
positions for dye aggregates on the TiO, surface are chosen
(Figure S). Considering steric hindrance and asymmetry with

dihedral angles of two adjacent indole and thiophene units (6,
in Figure 3b) for different individual molecules in the dimeric
configuration (the two dyes in a dimer labeled as molel and
mole2) are contrary: 6, increases from 14.6° in isolated LS-1 to
—26.0 and 23.4° in (LS-1),-A-molel and (LS-1),-B-molel,
respectively, whereas 6; in (LS-1),-mole2 reduces to —5.7 and
—3.2° for (LS-1),-A-mole2 and for (LS-1),-B-mole2, respec-
tively (Table S2). In 1Q, dimers, 0 (the dihedral angle between
the indole and diphenylquinoxaline unit, see Figure 3), is
—39.1, —48.4, and —35.7° for 1Q,, (IQ,),-A-molel and (IQ,),-
A-mole2, respectively (Table S3). However, in (IQ,),-B: 6,
(the dihedral angle between thiophene unit and diphenylqui-
noxaline unit) and 6 are reduced when dimers form. 0, is
—30.7, —6.0, and —6.0°and 6 is —39.1, —35.7, and —35.7° for
the monomers of 1Q,, (IQ,),-B-molel, and (IQ,),-B-mole2,
respectively. As highlighted above, the absorption spectrum of
(1Q,),-B is red-shifted relative to isolated IQ,. In contrast, the
absorption spectra of the other dimers ((LS-1),-A, (LS-1),-B,
and (IQ4),-A) are roughly equal to those of the monomers.
These results suggest that the steric hindrance induced by the
diphenylquinoxaline unit in IQ, leads to a more planar
molecular structure as evidenced by decreased dihedral angles
0, and 6; in (1Q,),-B. This in turn is responsible for the redshift
in absorption spectra.

3.2. Structures and Optical Properties on TiO,. It is
known that organic dyes are more inclined to adsorb on TiO,
in a bridged bidentate mode than in the monodentate
mode.”*® We adopt the bidentate mode by linking the
carboxylate group to five-coordinated titanium atoms of the
TiO, surface. The optimized structures of dye monomers on
TiO, are shown in Figure S2. It has been known one of the key
parameters controlling charge transfer at dye/TiO, interface is
the spatial distance from the cation center of the dye to the
TiO, surface.””*® The shorter the distance between the dye
cation HOMO and the semiconductor surface, the faster the

Figure S. Aggregation configurations of dimers on the (101) TiO,
surface (the xy plane). The first molecule in dimers is fixed at (0, 0).
Four possible absorption sites of the second molecule have been
considered, where the energetically most favorable sites for LS-1 and
IQ, are highlighted with arrows and marked in blue and pink,
respectively.

respect to the molecular axis, the molecules situated on the
second row of the TiO, surface adopt two possible orientations
relative to the molecular axis as in CH,Cl, solution. The
adsorption positions in the second row are labeled as (—1,1)-A,
(L,1)-A, (=3,1)-A, (3,1)-A, (=1,1)-B, (1,1)-B, and (3,1)-B.
To gain more insight into the possible interactions occurring
between dye aggregates on the TiO, surface, we carried out
MD simulations within the DFTB framework for all dye—
surface complexes mentioned above. The total electronic
energy evolutions of the system as a function of the simulation
time are documented in Figures S3 and S4, which illustrate that
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the system of dye aggregates on TiO, has reached thermal
equilibrium roughly within 2 ps. From the dynamics simulation,
we extracted the lowest energy structure of each trajectory as
the starting geometry for subsequent structure optimization. All
the optimized structures are displayed in Figures S3 and S4. In
a next step, the interaction energies between the two aggregated
dyes on TiO, were computed at the B3LYP level and are
shown in Table 3. We can see that the smallest interaction

Table 3. Interaction Energies (eV) at B3LYP/6-31G(d, p)
Level for (LS-1), and (IQ,), on TiO,

dimer” (LS-1), 1Q,),
(-1,1)-A —0.62 -1.53
(L,1)-A —0.83 —-1.82
(=3,1)-A —0.49 —0.64
(3,1)-A —-0.56 —-1.07
(-1,1)-B —0.46 —0.68
(1,1)-B —0.69 —-1.85
(3,1)-B —0.41 -1.93

“The calculations have been carried out on the protonated dyes in
CH,Cl, solution.

energy for (LS-1), dimers occurs for the (1,1) configuration,
where the two molecules align along the y direction (Figure S,
in blue) with the 7 systems almost perfectly stacked. However,
the lowest-energy configuration for (IQ,), dimers is at (3,1)-B,
where one IQ, molecule shifts to the right along the second
row and the two dyes orientate oppositely, which disrupts the
petfect 7—x stacking (Figure S, in pink). Clearly, the steric
hindrance arising from the added diphenylquinoxaline units on
the molecular skeleton results in a less stacked dimeric
configuration of IQ, on TiO, compared with that of LS-1.
The optical properties of the aggregated dyes on TiO,
(Figure 2c,d) were obtained by utilizing the same computa-
tional procedure as that for the dyes in solution but removing
the (TiO,),y, cluster. The critical data about the absorption
spectra of dyes adsorbed on TiO, are collected in Table 4.
Similar to the dimers in solution, the S, — S, transition of
(1,1)-(LS-1),-A is at a longer wavelength (523 nm), but it is
not visible on the spectrum because of the small oscillator
strength (0.084). The absorption maxima of dimers on TiO,
are located at 2.72 and 2.42 eV for (1,1)-(LS-1),-A and (3,1)-
(IQ,),-B, respectively, which are in good agreement with the
experimental trend (2.81 and 2.48 eV).””’” The slight
blueshifts of dimer absorption maxima compared to those of
the monomer are ascribed to the variation of the dye
configurations when aggregated on the TiO, surface. As
shown in Table S2, the dihedral angle 8; of LS-1 (defined in
Figure 3 b) grows from 26.8° in LS-1 on (TiO,) 5, to —32.5% in

(1,1)-(LS-1),-A-molel and decreases to —14.7° in (1,1)-(LS-
1),-A-mole2. Similarly, the dihedral angle 6, of 1Q, is —10.3,
—3.4, and —16.6° for isolated IQ, on (TiO,) 54, (3,1)-(1Q,),-B-
molel, and (3,1)-(IQ,),-B-mole2, respectively (Table S3).
Besides that, the difference of the dihedral angle 6, from
monomer to dimer is smaller when IQ, aggregates on TiO,
compared to the value in solution. The angle 65 is —46.7,
—44.4, and —36.5° for (3,1)-(1Q,),-B, (3,1)-(IQ,),-B-molel,
and (3,1)-(1Q,),-B-mole2, respectively. This shows that the
adsorption of the dyes on TiO, leads to significant structural
changes of the chromophores.

3.3. Dynamic Simulation. To further investigate the
aggregation effects, we have carried out molecular dynamic
simulations within the DFTB framework starting from the two
lowest-energy configurations, (1,1)-(LS-1),-A and (3,1)-
(IQ4),-B. The influence of the diphenlyquinoxaline unit on
the aggregation behavior is analyzed below from a time-
dependent perspective.

The evolutions of intermolecular distances as a function of
simulation time are inspected for the different dimers on
(TiO,) 44 in Figure 6. The shown parameters for (1,1)-(LS-1),-

()
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— (,D-LS-Dr-A

— B.D)-(1Qs):-B
— (LD-LS1)-A

~
P
N
< 6
4
0 2 4 6 8 10 0 2 4 6 8§ 10
Time (ps) Time (ps)
(c) @
- — G.1)-0Q):B — G.1)-1Q.):B
— (L)-(LS-1)-A — (LD)-LS-1)2-A
10
-
< s
£

10 0 2 4 6 8
Time (ps)

4 6 8
Time (ps)

Figure 6. Time profiles of intermolecular distances (a) r,,(b) ry, (c) 13,
and (d) r, throughout 10 ps of molecular dynamics for (1,1)-(LS-1),-
A (in red) and (3,1)-(IQ4),-B (in black). (See Figure 3 for the

definitions of r,—r,.)

A and (3,1)-(IQ,),-B are defined in Figure 3a. Four distances
(ri—ry) are chosen to evaluate the separations between
intermolecular 7 units or electron donors, where r; and r, are

Table 4. Computed Vertical Excitation Energies (E), Oscillator Strengths (f), the Maximum Absorption Wavelength (4,,.,), and
the Dominant Configurations for the Monomers and Dimers of LS-1 and 1Q, Absorbed on TiO,

species state E (eV) Amax (NM) f MO character shift”
LS-1 on TiO, S, 2.70 459 1.095 H-L (68.3%) 0.00
IQ, on TiO, S, 2.36 528 0.964 HoL (65.5%) 0.00
S 2.46 505 0.084 H-L (66.2% —-0.24

(LD-LSDA ! T (s
S, 2.72 456 1.862 H-L+1 (59.1%) 0.02
N 2.37 523 0.244 H-1-L (54.1%) —0.13

(1) (1Q,),B ' .
S, 242 512 1.533 H-L+1 (57.6%) 0.06

“With respect to the corresponding monomer on TiO,.
22509 DOI: 10.1021/acsami.5b06743
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for the intermolecular distances of 7z units and r; and r,
represent the intermolecular distances of donor parts.

Initially, there are noticeably longer average intermolecular
distances in (3,1)-(IQ,),-B than those in (1,1)-(LS-1),-A. The
average values of r;—r, in (3,1)-(IQ,),-B are 7.5, 6.7, 9.0, and
9.6 A, respectively, whereas they are 4.7, 4.5, 5.1, and 5.8 A in
(1,1)-(LS-1),-A, respectively. This suggests that the steric
hindrance induced by the diphenlyquinoxaline unit in IQ,
efficiently increases the intermolecular distance of the stacked
dyes on TiO,. Moreover, in Figure 6 we can see wide
fluctuations appearing in the trajectories of (3,1)-(1Q,),-B,
where the peak values of r,—r, are 9.7, 8.8, 11.6, and 12.6 A,
respectively, at around 3.5 ps. The structural fluctuations of
(3,1)-(1Q,),-B were further explored by analyzing the evolution
of the dihedral @ illustrated in Figure 7. The dihedral 6

150 — G-(Q)B

— (LD-LS-1)A

100 4

-100

_1 50 T T T T . T ) T T T 1
Time (ps)

Figure 7. Molecular dynamics trajectory of the dihedrals for (1,1)-(LS-
1),-A (in red) and (3,1)-(IQ,),-B (in black). Insets: Dihedral angle 6
between the carboxylate group of the dye and the two binding five-
coordinated titanium atoms of the TiO, surface. Reduced density
gradient (RDG) isosurfaces (isovalue of 0.6) for the snapshot at 3 ps
are also shown for (1,1)-(LS-1),-A (bottom) and (3,1)-(1Q,),-B
(top). The weak, the strong attractive, and the strong repulsive
interactions are depicted in green, blue, and red, respectively.

represents the angle of the carboxylate group of the dye and the
two binding five-coordinated Ti atoms of the TiO, surface.
Note that the two dyes in the dimer behave similarly during the

dynamics simulation, so the discussion below focuses on the
dihedral angle in one dye only. The @ value varies greatly for
(3,1)-(1Q,),-B, with a peak at 3 ps and gradually increases from
7 to 10 ps (from —S to 98°). Interestingly, the dye—TiO,
binding mode changes between the bidentate bridging form
(0—2.5 and 4.5-6.5 ps) and the monodentate pattern (3 and
8—10 ps) along the dynamics. Meanwhile, the trajectory of
(1,1)-(LS-1),-A is relatively smooth during the whole
simulation, where the binding mode keeps the bidentate form
with the dihedral 0 fluctuating between —S and 5° (Figure 7).
The wider fluctuations in (3,1)-(IQ,),-B are ascribed to the
weak m—7 stacking interaction induced by the steric hindrance
in 1Qq.

To visualize the noncovalent interactions in the dye
aggregates,””’" we have extracted a snapshot at 3 ps and
used the method developed by Yang and co-workers to
calculate the reduced density gradient (RDG). This RDG
method is capable of describing the intermolecular and
intramolecular noncovalent interactions in real space on the
basis of the electron density and its second Hessian
eigenvalue.”” The inset of Figure 7 displays the obtained
RDG isosurfaces, where different types (attractive/repulsive)
and strength of noncovalent interactions are depicted by
various colors. Clearly, the region of 7—x stacking interaction
(quantified by the depicted isosurface) for (3,1)-(IQ4),-B is
smaller than that of (1,1)-(LS-1),-A, indicating weaker
intermolecular interaction between dimers in (3,1)-(1Q,),-B.

Besides that, quite diverse surface coverage modes for the
two dyes are found in the time-dependent simulations. We
examine the evolution of the distance from a carbon atom in
the thiophene unit of the dye to a surface Ti atom rc_r;. It is
clearly shown in Figure 8, that dyes in (1,1)-(LS-1),-A favor
bending toward the TiO, surface, with rc_; decreasing from
7.1 to 3.0 A during the simulation. Three snapshots of (1,1)-
(LS-1),-A extracted at 1, S, and 10 ps illustrate this behavior
(inset of Figure 8). As for the tilt angle, one LS-1 molecule in
(1,1)-(LS-1),-A has an inclination with respect to TiO, surface
of about 108, 66, and 57° at 1, S, and 10 ps, respectively. In
contrast, the dyes in (3,1)-(IQ,),-B remain almost perpendic-
ular to the TiO, surface, which can be identified from the
trajectory of re_; for (3,1)-(1Q,),-B (rc_q; ® 7.4 A) and the
corresponding snapshots. Regarding the tilt angle, it is 113, 82,

— (3.1)-(1Qs):-B
— (1,)(LS-1)2-A

Time (ps)

Figure 8. Evolutions of rc_r; distance as a function of time for (1,1)-(LS-1),-A (in red) and (3,1)-(IQ,),-B (in black) in the dynamics. rc_g
represents the distance from one carbon atom of thiophene unit to the nearest Ti atom of the TiO, surface. (See the diagram on the left.) Inset:
three snapshots of patterns at 1, 5, and 10 ps, where the tilt angles of the dye to the TiO, surface are shown.
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and 82° for one 1Q, in (3,1)-(IQ,),-B at 1, S, and 10 ps,
respectively. As a result, a higher probability of recombination
between oxidized dyes and TiO,-injected electrons exists in LS-
1 compared to that in IQ, These trends are in line with
experimental observations, where the electron lifetime of LS-1
(2.9 ms) is smaller than that of 1Q, (4.7 ms).”””** Therefore,
the diphenylquinoxaline unit incorporated into IQ, can
effectively keep the dyes perpendicular to the TiO, surface,
thus reducing unwanted through-space electron recombination
that is more serious in the case of LS-1.

3.4. Intermolecular Electronic Coupling. Because it is
known that small intermolecular electronic coupling V1 is
responsible for weak intermolecular charge-transfer character
and significant improvement in Jsc and Ve of dyes in
DSSCs,” we calculate this parameter to further assess the
aggregation of dyes. The computed intermolecular electronic
coupling values in CH,Cl, solution are listed in Table S. For

Table S. Intermolecular Electronic Couplings (eV) of LS-1
and IQ, Dimers in Solution

intermolecular electronic coupling |V

dimer ESID method direct method
(LS-1),-A 0.051 0.033
(LS-1),-B 0.014 0.006
(1Q,),-A 0.027 0.022
(1Q,),-B 0.004 0.005

(IQ,),-B, the coupling is 0.004 eV by the EDIS method and
0.005 eV according to the direct method, which is smaller than
the values of (LS-1),-A (0.051 and 0.033 eV) and (LS-1),-B
(0.014 and 0.006 eV). Regarding (IQ,),-A, the couplings are
larger than those of (IQ,),-B and (LS-1),-B but smaller
compared with those of (LS-1),-A. This illustrates that the
intermolecular interactions in (LS-1), dimers are generally
stronger than those in (IQ,), dimers and that the face-to-face
stacking pattern (form A) induces more compact aggregates
with respect to the face-to-back ones (form B) in solution.
To evaluate the intermolecular electronic coupling for the
aggregated dyes on TiO,, we extracted 10 snapshots every
picosecond at random along the dynamics simulation and
computed the corresponding dye—dye intermolecular cou-
plings by the direct method. As shown in Figure 9, the

@N [~ C00H
0.10 - 2l

- 0.08 4 W
S NTN
o @cnou
z T
= 0.06
=
e
<
2
§ 0.04 4
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=

0.02
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Figure 9. Intermolecular electronic couplings of 10 selected snapshots
in dynamics. (1,1)-(LS-1),-A, red, and (3,1)-(1Q,),-B, blue.

couplings of (3,1)-(1Q,),-B are clearly lower than those of
(1,1)-(LS-1),-A. The average value of 0.039 eV in (1,1)-(LS-
1),-A is approximately 10 times larger than that of 0.004 eV in
(3,1)-(IQ,),-B. It is remarkable that the computed coupling
values for (IQ,), dimers, whether in solution or on TiO,, are
smaller than those of (LS-1), dimers regardless of the
employed method and simulation time, revealing a strong
self-anti-aggregation capability by introducing a diphenylqui-
noxaline unit on the dye skeleton. Moreover, as shown in
Figure 10, the S, state of (3,1)-(IQ,),-B, which mainly arises

(1,1)-(LS-1)2-A (3,1)-(1Q4)-B

Figure 10. Molecular orbital diagrams of (1,1)-(LS-1),-A and (3,1)-
(1Q4),-B on TiO, ((TiO,)1ps cluster not shown). Red and blue
correspond to HOMO electronic density and LUMO electronic
density, respectively. Arrows represent the charge transfer direction.

from an intramolecular HOMO — LUMO transition, is
localized on one molecule of the dimer as shown in Figure
10. In contrast, for (1,1)-(LS-1),-A, the HOMO and LUMO
are delocalized over the dimer and the intermolecular charge-
transfer character is evident. This confirms that IQ, has the
capability of self-anti-aggregation accompanied by weak
intermolecular electronic coupling and significant intramolec-
ular charge transfer character upon excitation.

It is furthermore noted that the intermolecular electronic
coupling and charge-transfer characters are correlated with the
intermolecular distances of the electron donors in dimers. The
longer the distance between donors (Table S4 and Figure 6, in
(I1Q,),B, r; = 77 A and r, = 122 A; in (3,1)-(IQ,),-B,
averaged r; = 9.0 A and r, = 9.6 A), the smaller the couplings
(Table S and Figure 9, for (IQ4),-B, IV | = 0.005 eV; in (3,1)-
(1Q,),-B, averaged IVl = 0.004 eV) and vice versa (in (LS-1),-A
rs=39A r, =47 A and IV = 0.033 eV; in (1,1)-(LS-1),-A,
averaged r; = S.1 A, r, = S.8 A, and IV | = 0.039 eV). The
weaker intermolecular electronic couplings for 1Q, in CH,Cl,
solution and on TiO,, which are induced by steric hindrance
due to the additional diphenylquinoxaline unit, can therefore
explain the significant improvement of conversion efficiency for
IQ,-based DSSCs compared to that of LS-1-based devices
under the same conditions.””**

4. CONCLUSIONS

In this work, computational investigations have been carried
out to understand the influence of dye aggregations on the
photovoltaic performance of DSSCs by comparing the optical
properties and dye—dye intermolecular electronic couplings of
two sensitizers (LS-1 and 1Q,) differing by the addition of a
diphenylquinoxaline antiaggregation unit within IQ,. Various
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dimeric configurations in solution and on a TiO, surface have
been considered. Owing to the steric hindrance effect of the
diphenylquinoxaline group on the molecular skeleton, the
preferred dimeric arrangements of IQ, show a disrupted 7—x
stacking both in CH,CI, solution and on the TiO, surface.
Vertical excitation energies reveal that the absorption spectra
observed experimentally arise from not only the dye monomers
but also the dye aggregates in various patterns. Dynamics
simulations show that in contrast to the LS-1 dimer the two
dyes in the IQ, dimer are well-separated and stand almost
perpendicular on the TiO, surface with bidentate and
monodentate binding forms alternating. This implies less
lateral charge transfer between adjacent dyes and a smaller
recombination probability of the injected electrons in TiO,
with the oxidized dyes. The average dye—dye intermolecular
electronic coupling in the IQ, dimer along the dynamics
trajectory is only around 10% of that in the LS-1 dimer, which
nicely evidences the significant self-anti-aggregation capability
of the diphenylquinoxaline unit in 1Q, This further results in
weaker intermolecular charge-transfer character and higher
photovoltaic efficiency.

Our work sheds new light on aggregation effects governing
the optical properties, recombination processes, and inter-
molecular charge transfer occurring in DSSCs, which may assist
the molecular engineering of more efficient anti-aggregation
sensitizers and deeper understanding of the electron transfer
dynamics in solar cells. It has been well-known that the power
conversion efficiency of DSSC is determined by many
associated factors. Thereby, it should be stressed that the
assessment of only one feature (such as aggregation effect) is
inadequate for the evaluation of a dye in the complicated DSSC
system whereas the perfect balance in various aspects is a
prerequisite for the rational design of efficient sensitizers.
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