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ABSTRACT: The optical and electronic properties of dye
aggregates of p-methyl red on a TiO, anatase (101) surface
were modeled as a function of aggregation order (monomer to
pentameric dye) via first-principles calculations. A progressive
red-shifting and intensity increase toward the visible region in
UV-—vis absorption spectra is observed from monomeric-to-
tetrameric dyes, with each molecule in a given aggregate
binding to one of the four possible TiO, (101) adsorption
sites. The pentamer exhibits a blue-shifted peak wavelength in
the UV—vis absorption spectra and less absorption intensity in
the visible region in comparison; a corresponding manifes-
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tation of H-aggregation occurs since one of these five molecules cannot occupy an adsorption site. This finding is consistent with
experiment. Calculated density of states (DOS) and partial DOS spectra reveal similar dye--TiO, nanocomposite conduction
band characteristics but different valence band features. Associated molecular orbital distributions reveal dye-to-TiO, interfacial
charge transfer in all five differing aggregate orders; meanwhile, the level of intramolecular charge transfer in the dye becomes
progressively localized around its azo- and electron-donating groups, up to the tetrameric dye/TiO, species. Dye adsorption
energies and dye coverage levels are calculated and compared with experiment. Overall, the findings of this case study serve to aid
the molecular design of azo dyes toward better performing DSSC devices wherein they are incorporated. In addition, they
provide a helpful example reference for understanding the effects of dye aggregation on the adsorbate--TiO, interfacial optical

and electronic properties.
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B INTRODUCTION

The dye-sensitized solar cell (DSSC) has rapidly developed
since 1991."* It has exhibited potential to disrupt the silicon-
based solar cell industry owing to its lower cost and high
In DSSCs, dyes are critical to absorb light and
convert it into electrical power, when in contact with TiO,
substrate. Compared with organometallic dyes based on zinc,
ruthenium, and perovskite, organic dyes enjoy various
advantages such as easier synthesis, molecular tunability, and
abundance.’™®

Dye aggregate formation in a self-assembled monolayer
(SAM) has been demonstrated to affect strongly the electronic
and optical properties of organic chromophores in the DSSC
device.”™"! Methods that enhance solar cell device performance
by manipulating the nature of the dye aggregates in DSSCs
have been facilitated by insights from first-principles calcu-
lations."*™"® Density functional theory (DFT)-based methods
are a natural choice for modeling the dye/TiO, interface of a
DSSC, based on their high record of success in reproducing

efficiency.’
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experimental results and unveiling underlying electronic and
optoelectronic mechanisms.'” Nevertheless, local van der Waals
interactions have historically been neglected in traditional DFT
methods. Recently, the use of dispersion corrections has been
advocated to account for the van der Waals interactions among
molecules,'872°
study involving aggregation of molecules. Ab initio dimeric
aggregation calculations on TiO, have been performed by De
Angelis et al. on a TiO, cluster that features a (101) surface, the
preferred and dominant site of dye adsorption.'>*"** However,
a more complete view of organic dye aggregation on TiO,,
presenting dyes progressively as monomeric, dimeric, trimeric,
tetrameric and pentameric adsorbates, has not been reported
using first-principles calculations. In addition, previous studies
on aggregation are based on an isolated TiO, cluster, where the

and it is crucial to consider dispersion in this
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“edge effect” is often exaggerated because of the finite substrate
size. This edge effect could be circumvented by employing a
periodic geometric model that embraces plane wave based
density functional theory (DFT) calculations.”*** This study
serves to bridge these gaps by performing calculations that
systematically probe monomeric-to-pentameric dye adsorbates
on TiO,, thus extending our theoretical understanding of
organic dye aggregation onto TiO,. In particular, their density
of states, molecular orbital distributions, optical absorption
spectra, adsorption energies, and levels of dye coverage onto
the (101) TiO, surface are probed.

Azo dyes form one of the largest categories of industrial dyes
due to light fastness, lower cost and universal availability. They
have been incorporated into DSSCs recently;*>>° although the
resulting device performance achieved so far is modest, a better
theoretical understanding of its dye---TiO, interface stands to
direct the molecular design of azo dyes toward competitive
operational device function. Azo dyes also exhibit interesting
surface and interface phenomena, when manifest as an SAM,
such as water uphill movement and photoswitching proper-
tles,272 where aggregation can potentially play important
role.”

In this paper, the azo dye (E)-4-((4-(dimethylamino)-
phenyl)diazenyl)benzoic acid, more commonly known as p-
methyl red (1) is used as the case study to probe the effect of
organic dye aggregation, up to pentameric species, at the TiO,
anatase (101) surface. The choice of this case study arises from
prior confirmation that para-substituted azo dyes function
better than the ortho- or meta-substituted azo dyes.*> It has
been proposed from experiments that H-aggregation dominates
for such a dye at the metal oxide surface, evidenced by blue-
shifted UV—vis spectra of the dye adsorbed onto the TiO,
substrate.>

Scheme 1. Molecular Structure of 4-[2-[4-
(Dimethylamino)phenyl]diazenyl]-benzoic Acid or p-Methyl
Red
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B COMPUTATIONAL DETAILS

To assess the dye aggregation effects of p-methyl red on a TiO,
substrate, a large anatase (101) surface (10.42 A x 15.20 A) twice the
size as that studied by Vittadini et al.*' was constructed. The thickness
of each slab was ~7 A. A 20 A vacuum layer was placed on top of the
surface to ensure minimal interactions between slabs. Geometric
optimization was performed in CASTEP** and the structure was
visualized in Materials Studio and Mercury.*> The geometric
optimization was performed at the I'-point, which provides sufficient
Brillouin zone sampling due to the large system size. The bottom layer
of the TiO, slab was constrained during geometric optimization, while
all other layers were allowed to relax. The cutoff energy was set to 370
eV, using ultrasoft pseodopotentialsand the PBE functional. van der
Waals interactions were considered by performlng DFT D calculations
using the Tkatchenko—Scheffler (TS) scheme.** The geometrical
energy, force and displacement converged within fair limits (5 X 107
eV, 0.04 eV/A and 4 X 1073 A, respectively). Density of states (DOS)
and partial density of states (PDOS) spectra were obtained at the
optimized geometry.

The same pseudopotential and PBE functional were used to
calculate the optical properties of this dye/TiO, nanocomposite,
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where the cutoff energy was 340 eV. Thirty-two special k points in the
Brillouin zone were summed to derive these optical properties from
calculating the dielectric constant.

Four dye--TiO, adsorption sites, with S-fold coordinated and
unsaturated titanium atoms, namely, a, b, ¢, and d in Figure 1, are
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Figure 1. Top view of the unit cell with the (101) anatase surface

exposed. Four anchoring positions on the TiO, anatase (101) surface
are labeled as a, b, ¢, and d.
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available on the (101) surface of the anatase unit cell. Based on these
four adsorptlon sites, seven structures (“a”, “ab”, “ac”, “ad”, “abc”,
“abed”, and “poor”) were evaluated in the study to probe the
aggregation effects, in addition to the free dye and the bare TiO, slab.
“a” has monomeric adsorptlon at site a; “ab” has dimeric aggregates at
both a and b sites; similarly, “ac” exhibits dimeric aggregation at both a
and c sites, while “ad” displays dimeric aggregates at both a and d sites;
“abc” shows trimeric aggregation at a, b and c sites; and “abcd” has
tetrameric aggregates with dye adsorption taking up all available sites
(a, b, ¢, and d). A pentameric adsorbate was also modeled; this was
termed “poor” since the additional (fifth) adsorbed azo dye in this
system laid irregularly relative to the other four dyes, having been
placed in the supercell of “abcd”. This irregular positioning of the fifth
dye in the “poor” structure occurs because the unsaturated S-fold
titanium atoms, at a, b, ¢, and d positions on the TiO, surface, have
been used up and so are not available for the fifth azo molecule; thus, a
poor alignment and inefficient adsorption of this fifth dye results. For
the geometrical optimization of “poor”, a number of initial guesses for
the position of the fifth molecule were tested, including placing: the
dimethylamine group near the surface, the molecule horizontally on
the slab, the azo group near the TiO, surface and moving to other
positions for the extra group; however, all of them failed to converge,
except for the structure of “poor” described in this work. The
adsorption of the fifth molecule, manifest in the optimized structure, is
stabilized by a “hydrogen bond” between a TiO, anatase (101) surface
oxygen atom and an oxygen atom in the carbonyl group of the dye
(Figure 2).

The average adsorption energy between an organic dye and the
TiO, substrate in a dye/TiO, structure is expressed as
= (I’l X Edyes + ETiOZ - Edyes/TiOZ)/n

adsorption

«_ »

where 7 is the number of dye molecules adsorbed (1 = 1 for “a”, n =2
for “ab”, n = 3 for “abc”, n = 4 for “abed”, and n = § for “poor ) The
first term in the parentheses denotes the total energy of isolated dyes;
the second term represents the total energy of the bare TiO, slab; and
the third term stands for the total energy of the optimized dye/TiO,
system.

B RESULTS AND DISCUSSION

Structure of dye Adsorbates on a (101) TiO, Surface.
In the optimized dye/TiO, structures (Figure 2), the separation
between the oxygen atoms in the carboxylic acid groups and
surface titanium ranges from 2.02 to 2.12 A, whlch is similar as
that seen between formic acid and anatase.>’ The two C—O
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Figure 2. Optimized structural geometries of different dye aggregates, adsorbed as a monomer (a), dimer (ab, ac, ad), trimer (abc), tetramer (abcd),
or pentamer (poor); the latter is so named owing to the poor ability of one of its dye molecules to adsorb onto TiO, since all four of its natural

anchoring points are occupied.

bonds (C=O0 vs C—0) in the carboxylate group of all the
adsorbates appear to have almost equivalent lengths (1.28—1.30
A), except the unadsorbed molecule in the “poor”, due to its
undissociative nature that maintains the asymmetry of bond
lengths in carboxylic acid group. The bond length of the azo
group is essentially invariant among different aggregates (1.30—
1.31 A). Conjugation of a molecule is important in order to
ensure low-energy charge-separation.> The level of conjugation
can be quantified by considering the ring-to-ring interplanar
angles within the molecule.®® The average torsion angles
between the two phenyl rings of an azo molecule are similar for
the aggregates: 12° (a), 11° (ab), 11° (ac), 11° (ad), 12° (abc),
12° (abed), and 17° (poor). The “poor” presents slightly larger
torsion angles between phenyl rings, indicating that they exhibit
less intramolecular charge transfer’ compared with other
structures; this is consistent with the trend observed in the
UV—vis absorption spectra (vide infra). Compared with the
other aggregates, the “poor” structure bears distorted dye
molecules (Figure 2); this appears to be due to steric repulsion
caused by the extra molecule being introduced into a limited
space with no suitable TiO, surface anchoring point.

DOS and PDOS. DOS and PDOS spectra (Figure 3) show
that Ti-3d orbitals are largely responsible for populating the
bottom of the conduction bands of TiO, and dye/TiO,. Having
applied dispersion corrections, the conduction bands of PDOS
for all the adsorbed structures are similar, while, for the valence
bands, PDOS show increasing contributions from nitrogen
atoms for higher degrees of aggregation. The top of the valence
bands of TiO, primarily constitute O-2p orbital features while
those of the dye/TiO, nanocomposite mainly feature
contributions from C-2p and N-2p in the organic moiety.
The O-s, Ti-s, and Ti-p orbitals manifest predominantly in the
deep region of the valence bands (Supporting Information
Figure S1). Upon dye adsorption, the band gap, defined here as
the energy difference between valence band maximum (VBM)
and conduction band minimum (CBM) at the I' point,

decreases, compare the energy of the bare TiO, slab (2.8 eV)
versus that of the dye/TiO, structures (0.8—1.2 eV) shown in
Supporting Information Table S1. The band gap should be
used with caution as the new “valence band” of the dye/TiO,
system comprises contributions from dye orbitals rather than
the metal oxide. Nevertheless, this small band is important in
DSSCs, as the electron essentially originates from this “small
valence band” where organic dyes primarily contribute. This
gap reduction indicates the effectiveness of organic dyes on
modifying the electronic properties of the metal oxide.
Optical Properties. The optical absorption properties of
the dye/TiO, slab are dependent upon the different forms of
aggregates (Figure 4). There are two bands in the UV-—vis
region: band 1 corresponds to the spectra in the near UV
region from ~300 to 400 nm while band 2 corresponds to the
spectra in the visible region near 600 nm, Compared with the
bare TiO, substrate, the monomeric adsorption structure “a”
exhibits a red-shifted light absorption peak and higher
absorptivity in band 1. The dimeric adsorption modes “ab”,
“ac”, and “ad” present further red shifting compared with “a”;
each of these modes possess similar UV/vis absorption spectra
with each other. The peak wavelength and peak intensity of the
two bands in the UV/vis absorption spectra have been
summarized in Supporting Information Table S2. Generally,
in band 1, there is monotonical red-shift, by 3—6 nm, from a
lower degree of aggregation to the next higher degree (for
example, the red shift is 6 nm from “abc” to “abcd”). In
addition, the intensity of band 1 increases monotonically by
100—600 cm™" from a lower degree of aggregation to the next
higher degree (for example, the intensity increases ~600 cm™"
from “abc” to “abed”). This red-shifted trend, as a function of
increasing number of adsorbed dye adsorbate molecules, is
disrupted, when the fifth molecule is introduced to form the
pentamer, “poor”; that is, the “poor” dye/TiO, structure
exhibits a blue-shift in absorption spectrum, compared with that
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Figure 3. DOS plots of bare “TiO,” (1), “a” (2), “ab” (3), “ac” (4), “ad” (S), “abc” (6), “abed” (7), and “poor” (8) structures (top spectra in each
plot; black), and PDOS contributions (from C, O, N and Ti s (red), p (green) and, in the case of Ti, d (blue) orbitals. The vertical dotted lines

correspond to the Fermi energy, which is set to 0 eV.

of “abed”. There is also an intensity decrease, by ~3000 cm™,
from the tetramer to the pentamer.

For band 2, although a blue-shift manifests from monomer to
tetramer in this region of the light absorption spectra, the
intensity nevertheless increases by 2000—S000 cm™' for the
next higher degree of aggregate. As a result, the blue shift in
band 2 from the monomer-to-tetramer sequence is not obvious
in the UV—vis absorption spectra, owing to the blue-shifted
peak wavelength being reduced by the rise in intensity. This
leads to light absorption spectra with blue-shifts toward the UV
region and insufficient absorption in the visible region, when
the dyes are adsorbed on TiO,, compared with solution where
aggregation is not severe. These results indicate that the
aggregates should benefit DSSC light-harvesting performance

15763

up to tetrameric species. In contrast, “poor” is not ideal for
DSSC application since the intensity decreases by ~3000 cm™,
from tetramer to “poor”. This finding is compatible with
experimental results, where H-aggregation exhibits blue-shifted
absorption spectra and inferior absorption intensity in the
visible region for azo dyes on TiO,.*

Orbital Distributions. The orbital distributions of VBM —
2, VBM — 1, VBM, CBM, and CBM + 1 (Figure S5) reveal that
the valence bands are localized within the dye molecule while
the conduction bands are localized inside the metal oxide. This
usually indicates favorable charge injection in the photoanode
of a DSSC>* As the degree of aggregation increases,
progressing from monomeric to tetrameric dye adsorbates in
the dye/TiO, structures, their electronic distributions in the

dx.doi.org/10.1021/am502687k | ACS Appl. Mater. Interfaces 2014, 6, 15760—15766
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Figure 4. UV—vis absorption spectra of “a”, “ab”, “ac”, “ad”, “abc”,
“abcd”, and “poor” p-methyl red dye adsorbates on TiO,, predicted by
first-principles calculations, demonstrating an increase in band 2
intensity as a function of progressively higher-order aggregates, with
the partial exception of the Sth-order aggregate, “poor”. An analogous
spectrum corresponding to the bare TiO, is also provided, for
reference.

valence band become more localized in the region surrounding
the azo group (—N=N-). The majority of the valence bands
in the pentamer are distributed in the poorly adsorbed fifth
molecule for “poor”; this is perhaps not surprising given that

this slantingly aligned molecule presents a closer dye cation-
TiO, separation to the others, and it is therefore more prone to
electron recombination.*®

Dye Adsorption Energies and Dye Coverage on the
TiO, (101) Surface. Different dye aggregate structures exhibit
varying adsorption energies (Table 1). The adsorption energies

Table 1. Estimated Adsorption Energies and Dye Coverage
Levels on the (101) TiO, Surface for Different Adsorbed
Dye Structures

a ab ac ad abc  abcd  poor
adsorption —-0.16 0.66 0.47 0.49 0.84 1.03 1.55
(ev
dye coverage 0.10 0.21 0.21 0.21 0.31 0.42 0.52
(nmol/cm?)

for different aggregates follow the ranking: monomer < dimer <
trimer < tetramer < pentamer. The pentamer displays the
largest adsorption energy because of its densely packed
aromatic system, which is stabilized by the dispersion
correction. The extent of dye coverage increases monotonically
throughout the series, from 0.1 nmol/ cm? for “a” to 0.52 nmol/
cm? for “poor”. Compared with experimentally determined dye
adsorption take-up (147 nmol/cm?),*® the dye coverage
estimated here is particularly small; this is attributed to the
inherent limitation of the periodic slab model, without

a

A RN

ad

Figure S. Orbital distributions of the dye/TiO, systems. Five orbitals are presented from left to right of each structure: VBM-2, VBM-1, VBM, CBM,

and CBM + 1.
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considering a mesoporous TiO, structure as the real scenario.
Nevertheless, the calculated trend of increasing dye coverage as
a function of higher aggregation, from monomer to pentamer,
is expected to be consistent with experiment.

B CONCLUSIONS

The extent of dye aggregation of the p-methyl red dye on the
(101) surface of TiO, has been demonstrated to affect the
electronic and optical properties of the photoanode for DSSCs.
Our understanding of dye aggregation in DSSCs for this
chemical family of dyes has been enhanced by considering not
only the lower degree of dye aggregation such as dimers, as per
previous reports, but also higher-order aggregation such as
trimers, tetramers and pentamers. Dyes ranging from monomer
to tetrameric aggregates exhibit minimal structural differences,
while the pentameric form differs; there, the fifth molecule that
is added to the aggregate to form the pentamer is squeezed into
a limited space between the existing four adsorbed molecules,
since there are no adsorption sites remaining for it to anchor
strongly to TiO,; as such, it might exert steric forces onto other
molecules. DOS and PDOS analyses indicate that the
monomeric- pentameric dye adsorbates on TiO, have greater
contributions from nitrogen atoms in the top of the valence
band. Molecular orbital distributions in the top of valence band
of dye/TiO, are mostly populated in the vicinity of the azo
group and the electron donor region, while they are localized
with the metal oxide at the bottom of the conduction band.
Dye aggregation effects are nicely evidenced in the calculated
UV/vis absorption spectra, where progressively higher degrees
of aggregation demonstrate monotonic red shifting and higher
absorption intensity in the simulated spectra, up to the
tetrameric form. The blue shift and lower light absorption
intensity throughout the UV-—vis regime observed in the
pentamer suggests that the poorly adsorbed molecules in this
adsorbate cannot be neglected in solar cell design; indeed, there
is a consistent agreement with experimental UV—vis absorption
spectral features encountered in the photoanode fabrication
steps for certain organic dyes. The large discrepancy of
calculated versus experimentally determined dye coverage
levels (by two orders of difference) may arise from an
underestimation in the surface area of the (101) TiO,, owing
to the use of the periodic slab model, as well as from the
assumption of monolayer dye adsorption used in this study.
Nonetheless, the consistent monotonic increase in the extent of
dye coverage from monomeric-to-pentameric adsorbates is
informative. In general terms, the overarching nature and trends
in dye---TiO, interfacial adsorption, revealed by this case study,
stand to be useful as an example reference for understanding
the adsorption properties of this and other classes of dyes on
TiO, anatase (101) surfaces, for DSSC applications.

B ASSOCIATED CONTENT

© Supporting Information
Details of DOS and PDOS spectra and energy band gaps for of
“a”, “ab”, “ac”, “ad”, “abc”, “abcd”, and “poor” dye adsorbates

» o« » o« 1.

and the peak wavelength and intensity of bare “TiO,”, “a”, “ab”,

“ac”, “ad”, “abc”, “abed”, and “poor”. This material is available
free of charge via the Internet at http://pubs.acs.org.
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