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ABSTRACT: The optoelectronic properties of four azo dye-sensitized TiO, interfaces are systematically studied as a function of
a changing dye anchoring group: carboxylate, sulfonate, hydroxyl, and pyridyl. The variation in optoelectronic properties of the
free dyes and those in dye/TiO, nanocomposites are studied both experimentally and computationally, in the context of
prospective dye-sensitized solar cell (DSSC) applications. Experimental UV/vis absorption spectroscopy, cyclic voltammetry, and
DSSC device performance testing reveal a strong dependence on the nature of the anchor of the optoelectronic properties of
these dyes, both in solution and as dye/TiO, nanocomposites. First-principles calculations on both an isolated dye/TiO, cluster
model (using localized basis sets) and each dye modeled onto the surface of a 2D periodic TiO, nanostructure (using plane wave
basis sets) are presented. Detailed examination of these experimental and computational results, in terms of light harvesting,
electron conversion and photovoltaic device performance characteristics, indicates that carboxylate is the best anchoring group,
and hydroxyl is the worst, whereas sulfonate and pyridyl groups exhibit competing potential. Different sensitization solvents are
found to affect critically the extent of dye adsorption achieved in the dye-sensitization of the TiO, semiconductor, especially
where the anchor is a pyridyl group.
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B INTRODUCTION

Dye-sensitized solar cells (DSSCs) are a strong contender as a
next-generation solar-cell technology for clean energy applica-
tions.'~* In particular, their transparent device attributes make
them attractive as photovoltaic “smart windows”.>~” Such
devices employ chemical dyes to capture the solar energy, and
convert photons to electrons once they have been adsorbed
onto the surfaces of appropriate metal oxide nanoparticles. The
majority of dyes used in DSSCs are based on ruthenium
complexes; even though there is currently a trend towards using
perovskite-based organometallics.® "> Nevertheless, organic
dyes still enjoy a number of advantages such as their molecular
tunability, lower cost, easier synthesis, and material abun-
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dance.'*™7 As a result, continuing efforts should be maintained
on developing organic dyes for DSSCs and understanding their
associated structure—property relationships.

To be DSSC-active, a dye molecule must contain a chemical
substituent that can anchor the chromophore onto the metal
oxide via adsorption. The dye itself provides the innate solar
light harvesting properties of the DSSC, while its chemisorption
onto the metal oxide (usually TiO,) nanoparticles creates an
interfacial path by which electrons can be transferred from the
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organic dye to the bulk semiconductor; this interfacial electron
injection initiates the electrical current in a DSSC. The nature
of the anchoring group employed is therefore a very important
consideration for DSSC device functionality. Various anchoring
groups have been successfully demonstrated in these devices,
e.g, carboxylate, phosphonate, sulfonate, salicylate, 8-hydrox-
ylquinoline, acetylacetonate, catechol, hydroxyl, pyridyl, and
hydroxamate.'®™** Despite the importance of their anchoring
abilities within a DSSC,>*™>* there is a disproportionate dearth
in systematic investigations that comprehensively assess their
relative impact in this photovoltaic technology.

This study seeks to offset this lack of information via a
systematic survey of the relative influence of four azo dyes on
the optoelectronic properties of dye/TiO, nanoparticles and
the associated dye in solution. The four azo dyes, sharing a
common dialkylamino-phenyl-diazenyl molecular framework,
bear four different end groups: benzoic acid, sulfonoic acid,
phenol, and pyridine; this provides a four-way systematic
variation in their associated anchoring groups (carboxylate,
sulfonate, hydroxyl and pyridyl) by which one can perform the
required comparisons. The dyes are otherwise chemically
identical, except for the case where the pyridyl anchor is
involved; there, ethyl rather than methyl groups lie in the
electron donor region of the molecule, owing to practical
limitations of sample availability. Fortunately, it is known from
previous work that optoelectronic properties of such azo dyes
bearing these two different alkyl groups have negligible impact
on their optoelectronic properties, although their crystal
structures differ dramatically.*®

Azo dyes were selected for this study because they are widely
available and cost effective.**>® They form one of the largest
family of industrial dyes; however, their performance in DSSCs
are much less investigated and there is plenty of room for
improvement. As a result, the interfaces formed between the
azo dyes and TiO, metal oxide should be studied, in order that
we can molecularly engineer them in certain ways to make azo
dyes perform better in optoelectronic devices.

The exact chemical specifications of the dyes, [(E)-4-((4-
(dimethylamino)phenyl)diazenyl)benzoic acid, 1], [(E)-4-((4-
(dlmethylamlno)phenyl)dlazenyl)benzenesulfonlc acid, 2],
[(E)-4-((4-(dimethylamino)phenyl)diazenyl)phenol, 3] and
[(E)-N,N-diethyl-4-(pyridin-4-yldiazenyl)aniline, 4] are dis-
played in Scheme 1, with their anchor highlighted.

The systematic study proceeds by first assessing the optical
and electronic properties of the dyes in solution (the “free
dyes”). Secondly, the optoelectronic effects of dyes anchored
onto TiO, nanoparticles are probed. Lastly, the dye-
incorporated DSSC device performance is tested to probe
their photovoltaic attributes. During the course of this study,
attention is also drawn to the two computational models used
to model the dye-TiO, interface: one based on an isolated
dye/TiO, cluster and the other based on a dye located on the
surface of a 2D periodic slab of TiO,.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Materials. 1, 3 and 4 were supplied by TCI while 2 was purchased
from Sigma-Aldrich and used without further purification.

Dye/TiO, Film Fabrication. Solvent-modified dye/TiO, films
were prepared according to the same steps to fabricate the working
electrodes (vide infra). Both dimethyl sulfoxide (DMSO) and the
commonly used 1:1 acetonitrile/tert-butanol solvent were used as the
sensitizing solvent. The electrodes were sensitized in the dye solution
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Scheme 1. Molecular Structures of 1—4, Which Have
Carboxylate, Sulfonate, Hydroxyl, and Pyridyl Anchors,
Respectively“
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“Only the anchors are allowed to change, except for 4, where the
alkylamino group also differs. The anchoring moieties employed to
interact with TiO, nanoparticles are highlighted in red.

for 24 h and 15 min, respectively. The presence of DMSO enabled the
effect of polar solvent intervention on dye take-up and coverage on
TiO, film to be probed. Before the optical spectroscopy measurements
were performed, the films were rinsed in ethanol to remove excessive
unadsorbed dyes and dried with N,.

Optical Spectroscopy. The UV/vis absorption spectra of both
solution-based free dyes (either in 1:1 acetonitrile/tert-butanol or
DMSO) and film-based dye/TiO, nanocomposites were determined
using an Agilent8453 diode array spectrophotometer. The uncertainty
in the UV/vis measurement is 2 nm.

Electrochemical Characterization. Cyclic voltammetry (CV)
data were determined in a N,-saturated three-electrode system, where
the working, counter and reference electrodes are glassy carbon,
platinum and Ag/AgCl/3.0 M KCI, respectively. The glassy carbon
electrode was polished with 1.0 ym alumina slurry (Buehler) and then
sonicated for 10 min in Milli-Q water (Millipore). The organic dyes
were dissolved into DMSO with 0.1 M tetrabuylammonium
perchlorate (TBAP) as the supporting electrolyte. The scan rate was
100 mV/s. The Ag/AgCl reference electrode was calibrated using a
ferrocene/ferrocenium (Fc/Fc*) redox couples as an external standard.

DSSC Device Fabrication and Testing. Although the in- house
DSSC performance characteristics for 1 has been reported before,®
they are included in this paper, as a reference. 1 was fabricated and
characterized under the same conditions as 2-4. This involved a single
TiO, layer (DSL 18NR-T, Dyesol) being deposited onto the FTO
glass (TECL1S, Dyesol) via the doctor-blade method; this layer is ca. 4
pum, formed from TiO, particles each bearing a size of ca. 20 nm. The
resulting electrode was sintered at 500 °C for 30 min. The film was
sensitized in 0.5 mM dye solution with 1:1 acetonitrile/tert-butanol
overnight to obtain the working electrodes. The counter-electrodes
were prepared using chloroplatinic acid hexahydrate (H,PtClg-6H,O,
Sigma). A SO um thick thermoplastic film of Surlyn (Solaronix) was
used to separate the two electrodes, and the cavity was filled with an
electrolyte consisting of a 50 mM iodide/tri-iodide redox couple
(HPE, Dyesol). At least five duplicate cells for each dye were
fabricated and tested (see Table S1 in the Supporting Information) to
ensure adequate consistency of the DSSC results which is particularly
important given their modest DSSC efliciency.

The current—voltage (J—V) characteristic responses and the overall
DSSC efficiencies were determined using an ABET Sun 2000 solar
simulator under AML.S illumination at 100 mW cm™?, after spectral
mismatch. Errors were maintained within 6% for overall efficiency (17),
short circuit current (J,.), open circuit voltage (V,.), and fill factor
(FF). The external quantum efficiency (EQE) was quantified by
illuminating the DSSC with a spectrally resolved halogen lamp,
calibrated by a silicon diode.

Quantum Calculations of Dye/TiO, System: General Model
Considerations. Modelling the real mesoporous structure of dye/
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TiO, nanocomposites in a DSSC requires an extremely large
computational cost. To simplify the modelling process, we herein
used two methods, which differ principally in whether a cluster or a
solid-state periodic condition is employed, to understand the working
electrode of a DSSC.

In this study, Method 1 models dye/TiO, as an isolated
nanocomposite cluster; the associated DFT calculations are based
on a localized basis set; this method is widely used in the literature for
studying dye-+TiO, interfaces.””* A small TiO, cluster (TiO,), (n is
generally <80) is typically considered. This small cluster size has been
shown to be sufficient for optoelectronic property calculations on
TiO, and dye/TiO, nanocomposites for DSSC applications.**** The
other method presented herein, Method 2, considers the other
extreme: a periodic condition is employed to model infinitely large
particles in one (1D) or multiple dimensions (2D), using plane wave
basis sets.

Both methods have pros and cons. For example, Method 1 is more
powerful when solvent effects should be considered, but it is less
applicable to larger TiO, nanoparticles and the “edge effect” is
exaggerated. Method 2 is similar to the real world scenario where the
mesoporous structure consists of a large array of connected anatase
nanocrystals, even though its inherent 2D structure is not essentially
“mesoporous”. In this article, we therefore engage both an isolated
cluster and a periodic dye/TiO, slab to model the DSSC system, in
order to offer a more comprehensive view of the dye/TiO,
interactions introduced by the anchoring groups.

Computational Details for the Isolated Dye/TiO, Model
(Method 1). Calculations of all isolated dye/TiO, structures used
localized basis sets and were carried out in GAUSSIAN 09 software.*®
The dye/TiO, system is based on a cluster size, (TiO,)o;*"*° this size
reflects a balance between computational cost and a realistic nature of
the results. Indeed, Sanchez-de-Armas et al.** have studied the
computational size effect of TiO, and found that (TiO,), is large
enough to replicate the real electronic properties of anatase structures.
The (TiO,), cluster has also been employed to study anchoring
effects,** and the same (TiO,), cluster has been found to produce
similar anchoring modes with experiments. In addition, even when
using a larger cluster such as the example of (TiO,)s5 (ca. 1—2 nm on
edge),‘w’48 this size is still more than ten times smaller than the real
nanoparticle size for DSSCs presented in the experimental aspects of
this study (ca. 20 nm on edge). Structural optimizations of the ground
state were performed by hybrid density functional theory (DFT),
using a B3LYP functional® and a 6-31g(d,p) basis set.*° Following
geometrical optimization, the associated vibrational frequencies were
calculated to ensure that they were all positive, so as to avoid
unrealistic saddle points. In addition to performing the calculation in
vacuo, solvent effects on the structures were also studied by employing
the polarizable continuum model (PCM)®" in both acetonitrile and
DMSO.

Time-dependent density functional theory (TDDFT) was em-
ployed to understand the different effect of each anchoring group on
the optical properties of the dye/TiO, cluster, at optimized geometry
given by DFT. Simulated UV/vis absorption spectra were calculated in
Gaussian09,*® and visualized in GaussView.>> In common with the
ground-state calculations, the excited-state calculations were per-
formed in vacuo, and in DMSO and acetonitrile solvents. Absorptivity,
g, can be derived from oscillator strengths,53 that are obtained from
TDDFT calculations. Because of the large molecular system being
modeled, the UV/vis absorption spectra of the dye/TiO, composites
were generated using 30 states (1. = 30).

Molecular energy levels and distributions, including highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO), as well as HOMO—1 and LUMO+1,
were determined using the optimized structure. The adsorption energy
of the dye/TiO, system was estimated from

Eadsorption = Edye + ETiO,_ - Edye/T102

Computational Details for the Dye/TiO, Periodic Model
(Method 2). A 2D slab of the TiO, nanostructure was constructed by
cutting the anatase (101) surface in a similar way to that of previous
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studies.>*** The supercell corresponds to a surface area of 11.394 A x
10.513 A. The vacuum layer is 20 A to enforce minimum interaction
between different slabs. For each slab, the thickness is ca. 7 A. The
bottom layer of the slab is constrained, while the other layers and dyes
are allowed to relax. The geometrical optimization (GO) was
performed using CASTEP in Materials Studio®® at the I'-point, due
to the large size. The cutoff energy was set to 340 eV, using an
ultrasoft pseudopotential and a PBE functional.

The absorption coefficients, a(w), of the dye/TiO, system were
obtained from the dielectric constants calculated at the corresponding
optimized structures, using the same cutoff energy (340 eV), PBE
functional and ultrasoft pseodopotential for Ti, O, C, N and H, as used
for the geometrical optimization. The optical properties were averaged
over all polarization directions, thereby imitating a polycrystalline
sample.

The anchoring modes of the carboxylic acid have been evaluated
theoretically in the literature.****"~% These modes can be either
dissociative or nondissociative, depending on whether the hydrogen
remains as a part of the dye or if it is transferred as a proton to the
TiO, surface. Seven different adsorption modes for 1 were calculated
via both Method 1 and Method 2 to identify the stable anchoring
modes (see Scheme S1 and Table S2 in the Supporting Information)
for the carboxylic acid anchor. The anchoring modes in the upper row
(MHa, MHb, BH, and BBH) have a nondissocative anchoring mode.
The anchoring modes in the bottom row [M(H), B(H) and BB(H)]
have dissociative anchoring modes. Both methods predict bidentate
modes to be stable for 1, although Method 2 suggests bidentate
bridging to be more stable while Method 1 prefers the bidentate
chelating mode (see Table S2 in the Supporting Information).

The literature lacks a detailed theoretical anchoring mode
evaluation of the sulfonate, hydroxyl and pyridyl groups. Based on
the anchoring calculation of the carboxylic acid, similar anchoring
modes were used as the starting point for geometrical optimization of
the sulfonic acid anchor. The third coupling site for the five-fold
titanium atom of the tridentate anchoring mode of the sulfonate was
not available in the 2D model; as a result, a bidentate bridging
anchoring mode, stabilized by a hydrogen-bond (HB) with a six-fold
titanium atom at the surface, was presumed for the sulfonate anchor in
this case. This assumption is reasonable also because the phosphoric
acid anchor, which has similar structure as the sulfonic acid, exhibits a
stable bidentate bridging anchoring mode from density functional
theory calculations.®’ Dissociated modes with chemical bonding
between an unsaturated titanium atom and a hydroxyl oxygen in 3,
and pyridine nitrogen for 4, were used as suggested by previous
research.'®

The calculated band gap from Method 1 and Method 2 should be
used with caution in this study, where the combined dye/TiO, system
is concerned, rather than those of the individual components. A small
“band gap” of such a combined system does not necessarily imply a
red-shifted UV/vis absorption peak as the associated oscillator
strengths for these transitions are likely to be small. Rather, this
observation is a 5good indicator of structure and properties at the dye/
TiO, interface.®

Quantum Calculations for the Nonadsorbed “Free Dyes”.
The technical details of the DFT and TD-DFT calculations on the free
dyes, using localized basis sets, are the same as those for the isolated
cluster dye/TiO, modelling. The properties were similarly examined in
vacuo and in DMSO and acetonitrile solvents.

The free dyes were also modelled within the periodic boundary
condition, in order to enable their adsorption energies to be
determined. These calculations employed a supercell of the free
dyes, constructed in the same way as for the dye/TiO, nano-
composites.

B RESULTS AND DISCUSSION

UV/Vis Absorption Characteristics of 1—4. The peak
UV/vis absorption wavelength and the associated absorptivity
are important indicators of the light harvesting capacity of
DSSC dyes. From experimental UV/vis absorption spectros-
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Figure 1. (a) Experimental UV/vis absorption spectra of 1, 2, 3, and 4 in DMSO solution. (b) UV/vis absorption spectra of 1—4 simulated by
TDDFT calculations in vacuo. (c) UV/vis absorption spectra of 1—4 simulated by TDDFT in DMSO solution.

copy in DMSO (Figure 1a), 1 (carboxylate anchor) and 4
(pyridyl anchor) are red-shifted by ca. 40 nm compared with 3
(hydroxyl anchor), which has the most blue-shifted absorption
peak (Table 1). Employing the sulfonate anchor leads to

Table 1. Absorptivity and Peak Absorption Wavelengths of
1—4 from Experimental UV/Vis Absorption Spectroscopy
and TDDFT Calculations in Vacuo and in DMSO Solution

£ (x 10° M™' em™) Amax (n0)
dye exp.” calcd® caled” exp.? calcd® caled®
1 29 48 S1 448 456 456
2 31 48 S1 430 451 452
3 48 46 48 415 426 427
4 ) 44 46 462 434 434

“Experimentally determined UV/vis absorption spectra. “TDDFT
calculations in vacuo. “TDDFT calculations in DMSO solution.

moderate light harvesting prospects of 2, in terms of peak
absorption wavelength among the subject dyes, where red-
shifting to the near IR region is ideal for DSSC performance. 3
exhibits a shoulder, centered at ca. 450 nm, on the main
absorption peak at 415 nm; this shoulder is probably due to the
hydrazone tautomer, this being common in the hydroxyl azo
dye compounds.”> Overall, the light absorbing peak wave-
lengths in DMSO follow the ranking 4 > 1 > 2 > 3, and the
ranking is the same for the light absorption peak wavelengths in
ethanol solvent (see Figure S1 in the Supporting Information).
This ranking of UV/vis peak absorption wavelength is
consistent with the relative ordering of the Hammett values
of the substituted anchor group in these dyes;*> the hydroxyl
group has a undesirable negative o, — o, value® and thus acts
as an electron donor, thereby requiring more energy to induce
the 7---7* transition.

Solvatochromism effects of 1 were also investigated (see
Figure S2 in the Supporting Information) and a bathochromic
shift was observed when the solvent becomes more polar, e.g. a
solvent such as DMSO. 3 exhibited the largest light absorptivity
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(~ 48 X 10° M™! cm™") although its light absorbing wavelength
is inferior. The absorptivity of 1 was found to be slightly lower
than the same observed in a previous study,> probably because
of its inherent solubility issues because some precipitates
existed in various solvents at low concentration after prolonged
heating and stirring. Fluorescence spectroscopy was also
attempted for 1—4 in DMSO, but little emission exists,
indicating that the dominant relaxation of molecules from
excited state to ground state is nonradiative when in a polar
solvent.

Complementary TDDFT simulations (Figure 1b, c) predict
well the experimentally determined UV/vis absorption spectra
of the four dyes with the peak absorption wavelengths of all
dyes being centered at ca. 450 nm; the hydroxyl anchor
presenting the most blue-shifted absorption spectra for 3; 2
showing a slight blue-shift compared with 1. Two bands are
observed in the UV/vis absorption region for all the dyes, one
at ca. 300 nm and the other one near the aforementioned 450
nm. Solvent inclusion in the TDDFT calculations has a
negligible effect on the peak wavelength, whereas obvious
changes in absorptivity are apparent: solvent inclusion
universally increases the calculated absorptivity at the peak
wavelength (Table 1). This is probably due to the solvent
effects on the orbitals overlap. The absorptivity is affected by
the overlap between the occupied and unoccupied orbitals. On
the other hand, peak wavelength is less prone to orbital overlap;
thus, the peak position remains invariant using the implicit
solvent model in this study.

The red-shift observed in experimental absorption spectra for
4 is not replicated by calculations. Two mechanisms are
proposed to be responsible for this experimentally observed
solution-based phenomenon in 4. Firstly, J-aggregation exists
for 4. Secondly, trans to cis photoisomerization might also exist
for 4. Both of these two mechanisms could cause severe red
shifts in the UV/vis absorption spectra of dyes in solution.®>*®

Electrochemical Trends in 1-4. Cyclic voltammetry
(CV) is an effective tool to determine the molecular energy
levels of dyes, which is crucial for considering their abilities in
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terms of electron injection into the TiO, semiconductor oxide
and dye regeneration from the electrolyte. In Figure 2, 3 shows
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Figure 2. Cyclic voltammetry curves of 1—4 in DMSO solution. The
HOMO energy level could be approximated by the center of the
anodic and cathodic peak potentials.

a reversible redox process corresponding to oxidation at 0.79 V
versus the normal hydrogen electrode (NHE), whereas 1, 2,
and 4 exhibit quasi-reversible waves and their oxidation peaks
are estimated to be 1.13, 1.14, and 1.21 V versus NHE,
respectively.

Table 2 demonstrates that the molecular energy levels of the
frontier orbitals given by DFT calculations agree qualitatively
with CV results; the hydroxyl anchor has the lowest HOMO
level versus NHE while the other three anchors present similar
values. The DMSO solvent inclusion in the calculation shifts
the HOMO energy upwards versus NHE (ie., shifts the
HOMO energy level downwards versus the vacuum level),
except for the case of the sulfonate anchor.

The band gap (E,,) values estimated by the UV/vis
absorption onset from experimental data (Table 2) show that
the use of the carboxylate anchor leads to the most desirable
(smallest) band gap for 1, whereas the use of the hydroxyl
anchor, in 3, exhibits the largest band gap. The E,, values
estimated via both DFT and TD-DFT in vacuo and when in
DMSO solution (Table 2) agree with this experimentally
observed trend. Solvent inclusion in the DFT calculations
affords a reduction in the band gap, rendering it closer to the
experimentally determined values. When the TDDFT calcu-
lated first excitation energy is used to approximate the band
gap, the value is even more agreeable with experiment. An
underestimation of the band gap by DFT that is frequently
encountered when modelling solid media does not occur in the
cluster model (Table 2). Progressing from small cluster (cluster
model) to condensed matter (slab model), a greater density of
states is introduced; as a result, the band splits and widens. This
is equivalent to saying that the band gap in the cluster model,
defined by the difference between LUMO and HOMO, is much

larger than the E, defined by the difference between CBM and
VBM in the slab model.

Regarding the LUMO energy levels, 1 and 4 have similar
values versus NHE, whereas 3 has consistently the smallest
value versus NHE. The LUMO energy levels follow the same
trend as the E, values, and those estimated by TDDFT first
excitation energies, where embracing the solvent effects
improves the computational accuracy compared with exper-
imental results (Table 2).

Frontier Molecular Orbital Considerations for 1-4. To
visualize the relative molecular energy levels in a more direct
DSSC context, the values of calculated HOMO—1 (H-1),
HOMO (H), LUMO (L) and LUMO+1 (L) energy levels
versus vacuum for both the free dyes and the dye/TiO,
nanocomposites of 1—4 are plotted with reference to the
edge of the TiO, conduction band and the I"/I;~ redox couple
energy level (Figure 3). All of the LUMO energy levels of the
dye/TiO, nanocomposites are high enough to enable electron
injection into the TiO, conduction band edge, whereas their
HOMO energy levels are low enough to be regenerated by the
electrolyte.

Figure 4 also permits a ready assessment of the energetic
effects of dye anchoring onto the TiO,. The energy levels of
LUMO and LUMO+1 of the free dyes are lower than those of
the combined dye/TiO, system, because of the additional states
introduced by TiO,. Moreover, neighboring energy levels in the
dye/TiO, system are much closer than those of the free dyes;
this is expected, since more electronic states are introduced by
the semiconductor oxide surface. 3/TiO, has the highest
LUMO energy level, indicating an excess of energy upon
excitation, leading to wasted energy expenditure through
thermal relaxation and a lower extent of dye regeneration
from the electrolyte.

The corresponding molecular orbital distributions offer an
intuitive view about charge separation: the “push—pull” effect is
strengthened if further separation between the occupied orbital
and unoccupied orbital distributions is realized.*”*® HOMO-1,
HOMO, LUMO, and LUMO+1 have been shown to be the
salient orbital distributions that are important for these azo
dyes® and dye/TiO, combined system, and so particular
attention is given to them, c.f. their presentation in Figure 4 for
each dye attached to TiO,. This shows that the carboxylate,
sulfonate, and pyridyl anchors offer similar HOMO and LUMO
distributions: the HOMOs are mainly localized in the donor
region of the organic dyes, whereas the LUMOs lie mainly in
the TiO, cluster, which is an indicator of a large driving force
for charge separation;>> on the contrary, 3/TiO, presents
HOMOs that are delocalized throughout the organic molecule.
The primary orbital contribution to the HOMO-1 for all four

Table 2. HOMO and LUMO Energy Levels, As Well as E,, (band gap) Values (versus NHE), Taken from Experimental Data

and DFT/TDDFT Calculations

HOMO (V) (versus NHE) Ey, (eV) LUMO (V) (versus NHE)
dye exp? caled? caled® exp” caled? caled® caled” caled® exp© caled? caled® caled caled®
1 1.13 0.86 0.88 2.16 3.14 2.90 2.56 2.54 -1.03 —-2.28 —2.02 —-1.70 —1.65
2 1.14 1.03 0.95 228 3.15 291 2.57 2.54 —-1.14 —2.11 —-1.96 —-1.54 -1.59
3 0.79 0.48 0.64 2.34 3.33 3.14 2.77 2.75 —1.85 -2.85 —2.50 -2.29 -2.11
4 121 0.88 091 2.16 3.25 3.00 2.61 2.58 —0.95 -2.37 -2.09 -1.73 -1.67

“Cyclic voltammetry (CV). The UV/vis absorption edge. “The difference between HOMO energy levels determined via CV and E , from the UV/
vis absorption edge. “DFT calculations in vacuo. “DFT calculations in DMSO solution.*The first excitation energy via TDDFT calculations in vacuo.
#The first excitation energy via TDDFT calculations in DMSO solution.
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vacuo; b, DMSO; ¢, acetonitrile), whereas d—f are their corresponding dyes/TiO, system (d, dye/TiO, in vacuo; e, dye/TiO, in DMSO; f, dye/TiO,

in acetonitrile). TiO, (—4.04 eV) and I;7/I" (—4.94 eV) energy levels from literature®”

are also shown.

1/TiO, 2TiO,
S A R . L s
PO - Sl I G VR R &
&, R 4,8 3,3 > 3 o3, 23
o o - ; - 1% B
‘o ‘eve P 199y , Y , )
RS 9 13 33 o &% 9 el
B A A R
By ot oo st - o o
24 ..:Q ° o.‘..‘% ° RS b.‘ .“4 YR ede x) K3
GG TN | W
H-1 H L L+1 H-1 H L L+l
3/TiO, 4/TiO0,
“‘ ° : ‘. l“ > “‘.;‘ - - P I o Ao
o3, : o, 3% ‘B, Rk  BE Fe
S, . 59, %59, res > 1e%ye 0@,
[Y % % Lo@0, 4?', Ay, 0.Q,
o, - 9%, 9% é ® %o
259, @, 259, %59, D ‘e0e” 29940 4' .‘
° L3 ° ° “.“ ‘l.“ “.“ n . ),
. .
.:.?‘.‘- 0:0,*:.‘. oi't.‘ .;oj::.t oS0 L0 .":;‘ o Lo
& A4 3 A *’ Jmlne delee § L o) 0
e ¥E ¥
H-1 H L L+1 H-1 H L L+1

Figure 4. Orbital distributions of HOMO-1 (H-1), HOMO (H),
LUMO (L), and LUMO+1 (L+1) of the dye/TiO, systems optimized

in vacuo.

azo dyes resides in the azo group, which is a typical
characteristic for these azo dyes.”> With the stark exception
of 4/TiO,, the LUMO+1 level distributions of the 1/TiO,-3/
TiO, reside in the TiO, cluster. In 4/TiO,, the LUMO+1 is
anomalously distributed within the dye region and in a fashion
that is not ideal for charge transfer purposes. Bearing in mind
all of these HOMO—1, HOMO, LUMO, and LUMO+1 orbital
distribution characteristics, the extent of charge separation in
these four dyes presumably follow the ranking 1 >2 >4 > 3, on
the basis of these isolated dye/TiO, cluster calculations.
Isolated Cluster Versus Periodic 2D Structure Calcu-
lations. With a bidentate bridging anchoring mode for the
carboxylate and sulfonate groups, and a direct coupling between
the anchor and the surface unsaturated titanium atom for the
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pyridyl and hydroxyl groups, dye/TiO, structures were
optimized successfully using plane-wave basis sets (Figure S).

Figure S. Optimized structures of (a) 1/TiO,, (b) 2/TiO,, (c) 3/
TiO,, and (d) 4/TiO, in a unit cell from the plane wave calculations
(Method 2), visualized via Mercury.70 Red, oxygen; blue, nitrogen;
dark grey, carbon; light grey, titanium. White: hydrogen. Yellow:
sulfur.

The intermolecular distance, which dictates the extent of dye
coverage, is controlled by the size of the unit cell (see Figures
S3 and S4 in the Supporting Information); a model where each
dye molecule repeats every other 11.4 A X 10.5 A units in the
2D structure was calculated.

The HOMO and conduction band minima (CBM) of the
dye/TiO, system at the ['-point, revealed by Method 2 (Figure
6), are similar to those of HOMOs and LUMOs from Method
1. HOMOs of the combined system are localized in the region
near the donor of these dyes, except for 3/TiO, which displays
“diffusion” to the coupling site at the hydroxyl group/TiO,
interface. The distributions of CBM and CBM+1 are both
localized in the TiO, moiety, showing Ti(3d) orbital
characteristics; this is ideal for the “push-pull” effect that
benefits charge injection. The CBM+1 surface for 4/TiO,,
identical with the prediction from Method 1, appears slightly
“protruded” towards the HOMO region, which stands to
diminish donor—acceptor separations and the “push—pull”

dx.doi.org/10.1021/am502186k | ACS Appl. Mater. Interfaces 2014, 6, 7535—7546



ACS Applied Materials & Interfaces

Research Article

g TR
(NI} ‘TTT‘FMﬁ ﬁ? ﬁm

)
£}
VBM-5 VBM-1 CBM+1
§ N
S n 0N /) Lo
G- i o g e
isisan T OOOT T B
VBM-5 VBM-1 VBM CBM CBMH+1

3/TiO,

4/TiO,
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1/Ti0,-3/TiO,, whereas 4/TiO, displays orbital distributions in
VBM-4.

strength of intramolecular charge transfer in the dye. The
VBM-1 distributions are predominantly localized within the azo
group for 1/TiO,—4/TiO,, similar to the case of HOMO—1
distributions, obtained from Method 1 (Figure 3). In addition,
the distributions of VBM-3 for 1/Ti0,-3/TiO, and VBM-4 for
4/TiO, (Figure 6, left) are located at the dye/TiO, interface,
indicating strong coupling between the organic dye and the
inorganic semiconductor counterpart. The CBM distributions
reside mainly in Ti(3d) orbitals, while those of VBM and VBM-
1 lie principally in the #-conjugated bonding and the azo group.
In summary, the “push—pull” charge-transfer effects inferred by
these orbital distributions follow the ranking 1 >2 > 4 > 3, on
the basis of the combined model of a dye located on the surface
of a 2D periodic slab of TiO,.

The band gaps determined by Method 2 are 2.545 eV for the
pure TiO, slab, 0.803 eV for 1/TiO,, 0.461 eV for 2/TiO,,
0.396 eV for 3/TiO,, and 1.227 eV for 4/TiO,, which means
that the dye/TiO, composite system is still a semiconductor.
Interestingly, both Method 1 and Method 2 predict 3/TiO, to
have the smallest band gap, although 3 is deficient in light
absorption in its free dye form, as evidenced both
experimentally and computationally, c.f. Figure 1. This might
partly explain the optimal functionality of the salicyclic anchor
in a DSSC, which features both a hydroxyl and carboxylate
group.”!

Inferring Dye/TiO, Interface from UV/vis Absorption
Spectra. One can infer the dye/TiO, interface and dye loading
by studying the time evolution of UV/vis absorption spectra in
dye/TiO, films (Figure 7). After a 15 min-sensitization in a
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Figure 7. (a) UV/vis absorption spectra of the dye/TiO, films
sensitized in 0.05 mM 1:1 acetonitrile/tert-butanol for 15 min. (b)
UV/vis absorption spectra of the films sensitized in 0.5 mM 1:1
acetonitrile/tert-butanol for 24 h. The films were carefully rinsed with
ethanol to remove the excess unadsorbed dyes.

diluted 0.05 mM 1:1 acetonitrile/tert-butanol solution (Figure
7a), a film of 1/TiO, exhibited an absorption intensity of ca. 0.8
a.u. at peak absorption wavelength, whereas the films of 2 and 4
displayed much less (ca. 0.1 a.u.) light absorption, and thus a
lower extent of dye loading, considering the absorptivity of free
dyes (Figure 1). After prolonged sensitization for ca. 24 h in a
0.5 mM 1:1 acetonitrile/tert-butanol solution, the differences
caused by sulfonate, hydroxyl and pyridyl anchors are more
obvious (Figure 7b). The pyridyl group bearing dye, 4, presents
a significant level of adsorption onto TiO,, as demonstrated by
its intense absorption intensity of ~2 a.u.. The dye with the
sulfonate anchor (2) shows a moderate performance (ca. 0.5
a.u. absorption intensity), whereas the dye containing the
hydroxyl group (3) displays the poorest light absorption. The
inherent light harvesting abilities of the films of 1—4 therefore
follow the ranking 1 > 4 > 2 > 3.

H-aggregation is present in all of the dyes on TiO, films, as is
evidenced by the 20—50 nm blue-shifting of their UV/vis peak
absorption wavelengths, compared with those of solution-based
measurements on the free dyes (Figure la).

When the adsorption bath is changed from 1:1 acetontrile/
tert-butanol to DMSO, the films yield much less UV/vis
absorption except for 1 (Figure 8). Amongst all of the anchors,
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Figure 8. (a) UV/vis absorption spectra of 1, 2, 3, and 4 on TiO,
films, having been immersed in 0.05 mM DMSO solution for ca. 15
min. After rinsing, 4 shows almost no absorption, indicating poor
adsorption strength of the pyridyl anchoring group in DMSO solution.
(b) UV/vis absorption of 1, 2, 3, and 4 on TiO, films, having been
immersed in 0.5 mM DMSO solution for 24 h. DMSO induces H
aggregation; the region below 400 nm exceeds the accurate detector
region; as a result, only ca. 400 nm to 600 nm are shown.

the pyridyl group is by far the most vulnerable to different
adsorption baths: after prolonged adsorption time of ca. 24 h,
the corresponding 4/TiO, film obtained by sensitization in
DMSO exhibits negligible light absorption, while the one
sensitized in 1:1 acetonitrile/tert-butanol displayed significant
light absorption, peaking at ~2 au. The light harvesting
underperformance of 4/TiO, sensitized in DMSO solution is
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possibly due to the competing nucleophilic capability of DMSO
and pyridine onto the five-fold titanium site.

Compared with the calculated UV/vis absorption spectra of
the free dyes (Figure 1b), the TDDFT calculation on the dye/
TiO, systems based on the Method 1 generally predicts a blue-
shift of UV/vis absorption spectra, especially for 2. This agrees
with the trend observed from experiments (Figures la and 7b),
where the light absorption peak is blue-shifted to ca. 400 nm for
the dye/TiO, film (Figure 7b). The only exception is 3, which
has a red-shifted UV/vis absorption spectra upon sensitization
on TiO, substrate. Interestingly, its absorptivity at peak
absorption wavelength diminished in the dye/TiO, composite,
which is subtly captured by Method 2 (Figure 9b). Both
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Figure 9. (a) UV/vis absorption spectra of (1—4)/TiO, from TDDFT
calculations in vacuo. (b) Optical absorption of (1—4)/TiO, based on
the dielectric constant calculations employed via Method 2.

methods partly explain the negligible light absorption of the
film sensitized by 4. Overall, the optical properties of the dye/
TiO, combined system predicted by Method 1 are more
sensitive to different anchors than those by Method 2; this is
probably due to a larger dye contribution to the whole system
in Method 1, judging by its similar numbers of atoms of the dye
and the TiO, cluster.

Larger adsorption energies show greater ability to immobilize
the dyes on the TiO, surface and promote dye-TiO,
coupling.”” From DFT calculations (Table 3), the dye/TiO,
adsorption energies calculated in acetonitrile from Method 1
are slightly larger than those in DMSO; these findings agree
with experiment. Both methods predict that the sulfonate
anchor leads to the largest adsorption energy, followed by the
pyridine anchor. The carboxylic acid and hydroxyl anchors
exhibit similar values. Overall, the adsorption energies predicted
by Method 1 are universally larger than those from Method 2
(by 0.1—0.4 eV), probably because of the more reactive nature
of a small nanocluster “reactant” compared with a large periodic

slab.

After desorption of the dye from the TiO, nanocomposite
films, using aqueous sodium hydroxide, the UV/vis absorption
spectra of the resulting dye solutions were measured so that the
dye loading in each film could be inferred (Table 3). The
carboxylate anchor leads to 1 demonstrating the largest dye
loading onto the TiO, semiconductor, while the hydroxyl
anchor leads to the smallest. Table 3 shows that the dye loading
experimentally determined follows the ranking, 1 > 4 > 3 > 2.
The dye loading calculated via Method 2, which is controlled
by the size of unit cell constructed, is listed as a reference,
although it renders a poor estimate. The significant under-
estimation of dye coverage employed in the model is most
likely due to the following two reasons: firstly, a flat 2D
monolayer surface is constructed in the model, but in reality the
particles are spherical-like and surrounded by dye molecules in
all directions. Secondly, dimer, trimer and higher-order
aggregates that are also present in reality cause an additional
level of dye adsorption. It has been demonstrated that such
aggregation (either J- or H-type) is common for dyes adsorbed
onto TiO,, unless a co-adsorbent such as deoxycholic acid
(DCA) is included for anti-aggregation purposes.'®”*~** For
these azo dyes specifically, H-aggregation dominates, as
evidenced earlier by UV/vis absorption spectra which are
blue-shifted in the dye/TiO, film relative to dyes in solution
(Figure 1 versus Figures 7 and 8).

Dye/TiO, Embedded DSSC Device Characteristics. The
external quantum efficiency (EQE) peak intensity of DSSCs
containing the dye/TiO, nanocomposites as their working
electrodes follows the ranking, 1 > 2 > 4 > 3. 1 is superior in its
associated DSSC performance conversion efficiency (Table 3)
and accounts for 8% of the N3 performance employing the
same fabrication and testing conditions, whereas 2—4 present
1.2 to 2% of that from N3. Multi-duplicate cell fabrication and
testing enabled good consistency checking in their DSSC
performance (see Table S1 in the Supporting Information), the
results of which suggest an overall device efficiency ranking of 1
> 4 > 2 > 3. The detailed EQE spectral response and
photovoltaic J—V curves of each DSSC (Figure 10)
unambiguously indicate that devices containing 1 exhibit the
best device performance, 3 the worst, with 2 and 4 presenting
as moderate EQE. This is consistent with the aforementioned
salient electronic and optical findings of this work.

Experimentally, the carboxylic acid anchor exhibits the largest
conversion efficiency among the four anchors, which explains
the majority of research based on the carboxylic acid anchor. In
stark contrast, the hydroxyl group anchor exhibits negligible
light absorption and conversion efficiency of the sensitized film,

Table 3. Adsorption Energies Calculated Using a Localized Basis Set (in vacuo, in DMSO, and in acetonitrile solvent);
Adsorption Energies and Dye Coverage Estimates Obtained from Plane-Wave Calculations; External Quantum Efficiency
(EQE), Overall Performance Conversion Efficiency of the Dyes in DSSC Devices (17), and the Efficiency Referenced with N3

Performance (ndye/ Ms)

adsorption energy calcd

adsorption energy calcd
dye (in vacuo) (eV).*

(DMSO) (eV)?

1 1.64 0.88 0.89
2 1.77 1.06 1.06
3 1.51 0.80 0.81
4 1.65 1.04 1.0S

adsorption energy
(MeCN) calcd (eV)©

dye loadin
(nmol/cm

adsorption energy

peak EQE 5 exp. 14/
(periodic) (eV) calcd? exp® caled” b

exp. (%) (% exp. (%

0.52 147 0.14 22 0.20 8
0.94 66 0.14 11 0.04 1.6
0.53 28 0.14 2 0.03 12
0.82 93 0.14 3 0.05 2

“Method 1 in vacuo. "Method 1 in DMSO. “Method 1 in acetonitrile. “Method 2. “from NaOH desorption experiment. “from Method 2.
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Figure 10. (a) EQE spectra of 1—4 embedded into DSSCs, which
present a ranking, 1 > 2 > 4 > 3 (for reference N3 dye-embedded
DSSC yields an internal EQE peak value of ca. 65%). (b) Typical J-V
curves of DSSCs of 1—4. DSSCs containing the reference N3 dye
exhibit 2.5% efficiency when fashioned under at the same device
fabrication and testing conditions as per 1—4.

which contradicts findings in the existing literature.*> To
reconcile this ostensible inconsistency, we propose that the
hydroxyl group actually acts as an “auxiliary anchor”, which is
applicable in DSSC dyes only when these molecules also
possess other functional groups, such as the case for catechol, 8-
hydroxylquinoline and 2-hydroxylquinoling;** ™ when the
hydroxyl groups are used in the absence of such functional
moieties, the DSSC performance is insufficient due to negligible
dye adsorption. The sensitization of dyes on a TiO, substrate
with sulfonate and pyridyl groups is evident, and is compatible
with previous results.®” > Nevertheless, these two groups,
although exhibiting obvious sensitization, offer much lower
photovoltaic effects than those of the carboxylic acid anchor.
Computationally, the carboxylic acid anchor leads to a
bidentate anchoring mode, which is compatible with the
majority of previous research findings. There remains a dearth
of theoretical understanding about possible adsorption modes
for sulfonate, hydroxyl, and pyridyl anchors; accordingly, this
study has identified stable dissociative adsorption modes by
these anchors and the unsaturated surface titanium atoms. The
hydroxyl group exhibits insufficient light absorption theoret-
ically (Figure 9), which partly explains its inferiority as an
anchor for DSSC dyes.

B CONCLUSIONS

The four dye---semiconductor anchors, carboxylate, sulfonate,
hydroxyl, and pyridyl, presented in this study reveal distinctive
differences in their light absorption spectra, molecular orbital
energy levels, molecular orbital distribution, band gaps, amount
of dye adsorption and overall conversion efficiency. The
anchors are sensitive to the sensitization solvent, especially for
pyridyl groups, where the corresponding dye exhibits negligible
amounts of adsorption in DMSO solvent.

The pyridyl-containing dye, 4, displays the greatest red-shift
in UV/vis peak absorption wavelength and the most desirable
level of adsorption when a suitable sensitization solvent is
chosen. In contrast, the charge-transfer “push—pull” attributes
of 4 are not optimal when the dye is anchored onto the TiO,
semiconductor; this is manifested in its lower EQE and DSSC
performance conversion efficiency, compared with 1 that bears
a carboxylate anchor. The sulfonate-containing dye, 2, exhibits
similar electronic and optical properties as 4. The dye featuring
a hydroxyl anchor, 3, yields the worst performance, with it
inferior UV/vis absorption intensity on TiO, substrate and the
lowest DSSC performance conversion efficiency.

The carboxylate anchor unquestionably outperforms the
other anchors employed in this study, manifest by 1 showing
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the largest peak EQE and best overall DSSC performance
conversion efficiency. Its UV/vis absorptivity also displays a
decent level of light absorption, although its light absorption
and calculated adsorption energies are not stunning. Detailed
calculations on various types of TiO, adsorption modes of 1
indicate that the bidentate bridging anchoring mode with
hydrogen dissociated to the TiO, surface is the most stable
mode, among seven possible configurations.

Overall, this study serves to find ways of making the family of
azo dyes function better in DSSCs, given the prospects of azo
dyes due to availability and cost-effectiveness. It has been
confirmed that the functionality of the azo dyes strongly
depend on different anchors. All of the azo dyes exhibit H-
aggregation when anchored onto TiO, semiconductor,
suggesting that none of their associated anchors are sufficiently
strong enough to affect the intermolecular interactions of the
dye monolayer on the TiO, semiconductor.

The predictions of electronic and optical properties, based on
either an isolated dye/TiO, cluster or a dye modeled on the
surface of a 2D periodic structure, agree well with each other in
many ways; together they offer a comprehensive view on the
structure-property relationships ensuing at the dye---semi-
conductor interface. Both cluster and slab models predict the
bidentate adsorption mode to be stable, and suggest non-
desirable optical absorption of the hydroxyl anchor. Orbital
distributions indicate that the highest occupied energy levels
have contributions primarily emanating from orbitals of the
dye, whereas the CBM is dominated by contributions from Ti
3d orbitals. Push—pull effect exists, although these are not
strong because of the slight delocalization of the VBM
(HOMO) orbital in the molecule. The slab model allows a
convenient way to predict the dye coverage due to the well-
defined unit cell, although it is somewhat primitive and lacks
solvent effects. Improvements in modelling the coverage
prediction can be achieved by modifying the size of a unit
cell in the slab model. From the experimental UV/vis
absorption spectra of the sensitized film, dye coverage seems
to be critical to the overall conversion efficiency. Further study
on the dye coverage and aggregation effects on the anatase
surface, based on these two models, would be beneficial.

The overall conversion efficiencies of these azo dyes are not
large, which probably originates from undesired aggregation
and halogen-bond formation between azo groups and the
electrolyte. However, this issue can be circumvented by
realizing improvements in the synthetic route to these dyes,
such as the judicious introduction of certain side groups and
bulky donors onto the parent dye molecules. In more general
terms, this study also serves as an exemplar for further efforts to
model interfaces in DSSCs. Detailed comparison studies of
such calculated models, as presented here, are particularly
important given that there remains a distinct dearth of suitably
advanced experimental materials characterization tools that can
probe buried interfaces in a non-destructive manner and in an
operational device.

B ASSOCIATED CONTENT

© Supporting Information

Consistency checklist of DSSC performances of 1—4; seven
different possible adsorption modes for 1; adsorption energies
of 1 with different types of carboxylate---TiO, anchoring
modes; normalized absorption spectra of 1, 2, 3 and 4 in
ethanol; solvatochromism of 1; side view of 1 X 3 X 1 supercell
of optimized structure of 1 on TiO,; and top view of the 6 X 6
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X 1 supercell of 1 on TiO, are deposited in the Supporting
Information. This material is available free of charge via the
Internet at http://pubs.acs.org.
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