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ABSTRACT: The optical and electronic properties of a TiO,
nanoparticle-assisted photo-isomerizable surface, prepared by
an azo dye/TiO, nanocomposite film, are examined
experimentally and computationally. The azo dye, para-methyl
red, undergoes photoisomerization at room temperature,
catalyzed by the TiO, nanoparticle supports, while it exhibits
negligible photoisomerization in solvents under otherwise
identical conditions. Density functional theory and time-
dependent density functional theory are employed to explain
the origin of this photoisomerization in these dye:-TiO,
nanoparticle self-assembled monolayers (SAMs). The device
performance of these SAMs when embedded into dye-
sensitized solar cells is used to further elucidate the nature
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of this azo dye photoisomerization and relate it to the ensuing optoelectronic properties.
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B INTRODUCTION

Smart surface design based on photoisomerizable materials has
attracted much attention because of potential applications such
as optical data storage, molecular electronics, surface property
switching and directed motion on surfaces.' ™ Azobenzenes,
which isomerize between their trans and cis structures (Scheme
1), are probably the most researched compounds in this field,

Scheme 1. Photoisomerization of para-Methyl Red
Triggered by UV/Vis Light
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with studies reporting photoisomerization-modulated proper-
ties in various states such as in solution, Langmuir—Blodgett
film and polymers.* Photoisomerization in solution has been
studied extensively, but solution-based applications are limited
by intrinsic problems of this phase;® in addition, many dyes
with suitable molecular structures exhibit no photochromism at
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room temperature in solution, judging from UV/vis absorption
spectra, for reasons such as dominant thermal isomerization in
such a state.®

Self-assembled monolayers (SAMs) of azobenzene com-
pounds, on the other hand, exhibit various advantages for
room-temperature applications because of their unique proper-
ties.” Most research in this field use silica or gold nanoparticles
as a substrate to which azo dyes self-assemble.* ' A terminal
thiol group is usually incorporated onto the dye structure so the
dye will anchor to the substrate.'' In contrast, the photo-
isomerization of azo dyes on TiO, nanoparticles has been much
less explored compared with those on gold particles and in
solution.”

Recently there has been a renaissance of research on TiO,
nanoparticles due to emerging fields such as dye-sensitized solar
cells (DSSCs), which employ a photosensitizer to absorb
sunlight and transfer electrons to a TiO, semiconductor to
which the dye is adsorbed.>~"? Thanks to the development of
DSSCs, many anchoring groups are available when the gold
nanoparticles are replaced by TiO, nanoparticles, such as
carboxylate, phosphonate, salicylate, sulfonate, acetylacetonate,
perylene, nitro, phosphonate, pyridine, siloxane, and hydrox-
amate groups.”’">* This provides far greater freedom in
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material selection to design future molecular switches
compared with the singular choice of a thiol group as an
anchor to the gold. As a result, it would be interesting to
explore such azo/TiO, nanosystems from both a smart surface
design (photoisomerization) and optoelectronic (DSSC) point
of view.

In this paper, we explore a dye from the pseudostilbene
family of azo compounds: 4-[2-[4- (dimethylamino)phenyl]-
diazenyl]-benzoic acid (hereafter para-methyl red, Scheme 1).
This dye possesses a —COOH anchoring group by which it can
immobilize the dye on TiO, nanoparticles as a self-assembled
monolayer (SAM). We first demonstrate that this dye
undergoes light-stimulated trans — cis photoisomerization
when adsorbed onto TiO, nanoparticles; yet, the dye exhibits
negligible photoisomerization in solution at room temperature,
evidenced by previous research®>*® and an in-house UV/vis
absorption spectrum obtained in DMSO solvent at room
temperature. Complementary density functional theory (DFT)
and time-dependent density functional theory (TDDFT) are
then used to elucidate the mechanistic origins of the TiO,-
assisted photoisomerization in this film. Because of the
structural similarity of these SAMs to dye-sensitized TiO,
working electrodes in DSSCs, the azo/TiO, system was
directly incorporated into a DSSC to analyze its optoelectronic
properties.

B EXPERIMENTAL AND COMPUTATIONAL
METHODS

Fabrication and Optical Characterization of Photorespon-
sive Azo Dye/TiO, Nanocomposite Films. TiO, paste (DSL
18NR-T) consisting of 20 nm diameter nanoparticles was purchased
from Dyesol. A TiO, film was deposited onto a glass slide via the
doctor-blade method and sintered at 500 °C for 30 min. Sensitization
was achieved by dipping the film in a 0.05 mM solution of para-methyl
red in acetone for five seconds. The resulting nanocomposites on glass
were rinsed in ethanol to ensure a monolayer.

UV/vis absorption spectra of the nanocomposite film were obtained
using an Agilent8453 Diode Array Spectrophotometer, under both 450
nm peak irradiation (Thorlab, ca. 7 mW cm™) and solar irradiation
(ABET Sun 2000 solar simulator, 100 mW cm?).

DSSC Fabrication and Photovoltaic Characterization. The
preparation of the working electrodes for DSSCs was similar to that of
the nanocomposites described above, except the sensitization time was
1 day, the dye concentration was 0.5 mM and the substrate was FTO
coated glass (TEC1S, Dyesol). The counter-electrodes were prepared
via the same doctor-blade method, using chloroplatinic acid
hexahydrate (H,PtCl;-6H,0) from Sigma Aldrich. Each cell was
sealed with a 25 ym thick film of Surlyn, with an electrolyte consisting
of a 50 mM iodide/tri-iodide redox couple in acetonitrile solution.

J—V characteristic responses of the cell incorporating the azo dye/

TiO, nanocomposites were determined using the aforementioned
ABET Sun 2000 solar simulator under AM 1.5 illumination at 100 mW
cm™,
Computational Studies. In order to understand the TiO,-assisted
photoisomerization and optoelectronic properties of the azo dye, four
input structures (trans, cis, transTiO, and cisTiO,; see Figure 1), were
optimized in Gaussian 09”7 using a B3LYP functional®® and 3-21g**°/
6—31g(d,p)30 basis sets in vacuo. The former two structures are free
azo dye isomers while the latter two are the nanocomposites consisting
of the free isomer adsorbed onto a (TiO,), nanocluster. The azo dyes
adsorb onto the TiO, surface through the carboxylic group. A diffusing
6-31+g(d,p) basis set was also employed on trans and cis organic
molecules. The coordinates of the (TiO,), cluster used in this study
are taken from the literature.*" It has been demonstrated that this size
of TiO, nanocluster is large enough to reproduce the electronic and
optical properties of the nanocomposites.>
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Figure 1. DFT-optimized structures for trans, cis, transTiO, and cis
TiO,. Red, oxygen; blue, nitrogen; grey, carbon; small white,
hydrogen; large white, titanium.

There are controversies surrounding the exact anchoring modes for
dyes on TiO, nanoparticles; generally, bidentate anchoring modes are
considered more stable than other anchoring modes such as
monodentate;>> here we assume a bidentate chelating anchorin§
mode in accordance with similar organic dyes on the same cluster.®
Energy levels and distributions of frontier orbitals were plotted and
visualized in GaussView.>* Theoretical UV/vis absorption spectra were
computed via TDDFT using the B3LYP/6-31¢(d,p) functional and
basis set, based on the optimized ground state structures at the same
level of theory.

To determine the origin of the TiO,-assisted photoisomerization,
the potential energy of the associated C—N=N-—C dihedral angle was
scanned,®*™*” for both the free dye in DMSO and the dye/TiO,
system, using a B3LYP functional and 6-31g* basis set. Solvent effects
were evaluated using the Polarizable Continuum Model.*® Ground-
state (SO) energy was determined by constraining the C—N=N-C
dihedral angle while allowing the rest of the molecule to relax. The first
(S1), second (S2), and third (S3) excited states were obtained via
TDDFT calculations.

B RESULTS AND DISCUSSION

Trans—Cis Photoisomerism of Azo Dye/TiO, Nano-
composites. para-Methyl red adsorbed onto TiO, nano-
particles clearly exhibits photoisomerization (Figures 2 and 3)
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Figure 2. UV/vis absorption spectra under 450 nm stimulated optical
irradiation at different times. The changes of intensity are indicated by
arrows: the intensity increases in region 1 and 3, and decreases in
region 2. Inset: magnified view of the absorption spectra in region 1.
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Figure 3. UV/vis absorption spectra under solar (100 mW/cm?)
stimulation versus irradiation time. The intensities in regions 1 and 3
increase and those in region 2 decrease, indicating trans — cis
photoisomerization; after ca. 1 min, all regions exhibit intensity
decrease. Inset: magnified view of the absorption spectra in region 1.

under both single wavelength and broad solar irradiation
conditions, compared with its negligible photoisomerization/
photochromism observed in solution under otherwise identical
experimental conditions. The isomerization in this simple
nanocomposite system produces similar spectra to those of
host-guest structures w1th an amphiphilic cyclodextrin deriva-
tive host by Yabe et al,,>>*® who acquired low temperature UV/
vis absorption of the guest, para-methyl red, in solution; the
resulting peak at 448 nm was assigned to the trans isomer,
whereas peaks at 500 nm and 378 nm were attributed to the cis
isomer. We follow this assignment for the nanocomposite film,
where region 2 corresponds to changes to the trans isomer
whereas region 1 & 3 is characteristic of the cis isomer. In fact,
TDDEFT calculations will herein confirm the transferability of
this spectral assignment from solution to film (vide infra).

Three regions in the visible regime associated with
photoisomerization can be identified under light irradiation in
Figures 2 & 3, as located by the arrows: region 1 (> ca. 530 nm;
cis), region 2 (from ca. 360 nm to ca. 530 nm; trans) and
region 3 (< 360 nm; cis). As the incident light with peak at 450
nm shines onto the nanocomposites, the absorption intensity
decreases in region 2 and increases in region 1 and 3 (Figure
2), indicating trans — cis photoisomerization catalyzed by TiO,
nanoparticles.

The nanosystem under investigation in this study exhibits
irreversible trans — cis photoisomerization, as no cis — trans
photoisomerization was evident after solvent, light, and heat
have been applied, compared with reversible organics.19
Pending further examination of other stimuli such as pressure,
magnetic or electric fields, pH, or mechanical forces, the
irreversible photoswitching of surfaces could be useful in
photolithography, in which the patterned modification of a
surface can be achieved using masks.®

Under solar stimulation (AM 1.5, with photon flux peak ca.
400—800 nm), the UV/vis absorption pattern of the dye/TiO,
system (Figure 3) is similar to that under single wavelength
light (Figure 2), although the process of the former is slightly
complicated due to much stronger incident flux. The light
absorption in region 1 and 3 increases whereas that in region 2
decreases; the process is much faster, compared to the case of
450 nm light stimulation, because of the greater intensity and a
broader energy distribution of photons here. In addition, the
intensity in regions 1 and 3 decreases again after ca. 1 mln,
possibly because of TiO,-assisted photocatalytic degradation.'>

Comparison of DFT-Optimized Structures. The DFT-
optimized structures, shown in Figure 1, were used to compare
bond lengths and angles of the two pairs of cis and trans
structures. Both trans and transTiO, are extremely planar
compared with the twisted cis and cisTiO, structures: the angle
between the two arene rings changes dramatically upon trans-
to-cis photoisomerization: from ca. 0° to 68° in the free azo dye
(trans to cis) and ca. 0 to 70° when adsorbed on TiO,
(transTiO, to cisTiO,) (see Table S1 in the Supporting
Information). The bond lengths of the azo group (—N=N-),
which are an important indicator of intramolecular charge
transfer (ICT) in azo dyes,” are comparable between the
isomers (1.26—1.27 A, see Table S1 in the Supporting
Information). There are minimal geometrical differences in
the conjugated unit between the free molecules and nano-
composites (see Table Sl in the Supporting Information)
predicted by DFT calculations, although obvious changes in
electronic and optical properties exist (vide infra).

The cation-to-TiO, surface contact distance (defined and
tabulated in Table S1 in the Supporting Information) is 14.15 A
for transTiO,; this is more than twice that for cisTiO, (7.04 A).
In a DSSC, the cation-to-semiconductor surface contact
distance is closely related to undesirable recombination
processes; the open circuit voltage (V,.) and short circuit
current (J,.) decrease with decreasing contact distance, owing
to easier electron back transfer to either cation or electro-
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Figure 4. Potential energy surface of S0, S1, S2, and S3 for para-methyl red (a) in DMSO and (b) on TiO, in vacuo with respect to CNNC dihedral
angles. Trans presents the lowest ground-state energy (the left side of each curve situated at —110°), whereas SO for cis displays a slightly elevated
energy minimum, exclusively in b. An associated pseudo-conical point exists for the dye/TiO, system near 70°, thereby enabling photoisomerization
to the cisTiO, isomer. The nominal pseudo-conical intersection at —110° in a returns the solution-based system to the trans isomer. Orange double-
headed triangles represent the nominal and TiO,-induced pseudo-conical intersections shown in a and b, respectively.
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lyte.>**® As a result, when adsorbed onto TiO, nanoparticles,

the cis isomer, with its smaller cation-to-TiO, distance, is
expected to exhibit greater recombination and, consequentially,
a lower J. and V, compared with the trans isomer.

When the free trans dye isomerizes to its cis form, the
electrostatic potential (ESP) changes correspondingly, espe-
cially in the azo region which becomes more prone to
nucleophilic attack (see Figure S1 in the Supporting
Information). The change is less obvious when the dye is
anchored onto the nanocomposites (see Figure Sl in the
Supporting Information), because the interactions between the
TiO, nanoparticles and the organic molecules render the dye
molecules more neutral in all regions.

Potential Energy Surface. Figure 4 depicts the potential
energy of the two isomers (in DMSO and on TiO,
nanoparticles) as a function of C—N=N—C dihedral angle,
obtained from DFT/TDDFT. The first- and second-excited
states, S1 and S2, are populated via HOMO — LUMO and
HOMO-1 — LUMO+1 transitions, respectively, whereas the
nature of S3 is representative of transitions from a number of
occupied-to-unoccupied molecular orbitals. Three major
features in the potential energy scan are noteworthy in Figure
4: firstly, when the dye is adsorbed onto TiO, nanoparticles,
the energy surfaces of these excited states move close to each
other, due to extra states introduced by the TiO, nanoparticles.
Secondly, better coupling between different excited states is
present for the dye/TiO, system. This facilitates the decay from
higher excited states to the first excited state, at which the de-
excitation to SO occurs; while the nominal S1 — SO decay
pathway (lowest energy) lies at approximately —110°. Third,
and most importantly, the S1 state of the azo dye/TiO, system
has an additional energy minimum at a C—N=N-C angle of
around —70° which corresponds closely to that of the
characteristic cis isomer; this point acts as a pseudo-conical
intersection to enable a new decay pathway from the S1 to SO
potential energy surface; given the dihedral angle associated
with this decay, the system relaxes into the cis structure. This
explains how the TiO, nanoparticles assist the photoisomeriza-
tion from the trans to cis isomer. The absence of this energy
minimum when the dye exists in solution (DMSO) leaves the
nominal pseudo-conical intersection at ~110° as the favored
decay pathway, rendering a return to the trans state (i.e, no
photoisomerization occurs in solution).

The fact that this additional pseudo-conical intersection
point serves as an energy trap such that relaxation goes to the
cis structure might also be partly responsible for the irreversible
photoisomerization of the azo dye/TiO, system. Even though
the trans form has a lower overall energy than the cis isomer,
the energy barrier of SO for the azo dye/TiO, system has a large
thermal barrier (ca. 0.7 eV); this prevents thermal isomerization
from cisTiO, to transTiO,. Another possible hindrance to the
cis — trans isomerization is the compact nature of the cis
structure,'® which might be overcome by further molecular
engineering such as tripodal and alkane introduction to achieve
a free volume increase.”*

Frontier Molecular Orbitals. The nature of frontier
molecular orbitals is a crucial indicator of optical and
optoelectronic properties.*" Selected orbital distributions for
transTiO, and cisTiO, are plotted in Figure S. The virtual
orbital distributions of LUMO and LUMO+1 demonstrate that
photo-absorbed charge localization will predominantly reside in
the TiO, cluster, rather than in the organic molecules. This
indicates efficient electron injection into the bulk semi-
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Figure S. Frontier orbital distributions of the HOMO-1, HOMO,
LUMO, and LUMO+1 for (a) transTiO, and (b) cisTiO,.

conductor. In contrast, electronic charge in the HOMO (the
dialkyl nitrogen and the ring attached to it) is mainly located in
the region furthest from the TiO, surface, while charge in the
HOMO-1 is mainly located in the azo group. These HOMO
and HOMO-1 distributions exhibit relatively few changes
compared to the free molecule, unlike their LUMO counter-
parts (see the Supporting Information, Figure S2). The
embedding of a TiO, cluster onto the azo dye therefore
induces a significant redistribution of electron density, with the
primary changes resting in the LUMOs where the primary
orbital populations shift from the dye into the TiO, cluster.

The energy levels of molecular orbitals are important for
photoelectrochemical device considerations: in a DSSC, the
LUMO energy level should be above the bottom of the
conduction band (CB) of TiO, (—4.04 eV vs. vacuum™?) for
electron injection purposes, and the HOMO level should be
lower than the redox level of the electrolyte (—4.94 eV vs.
vacuum*?) for dye regeneration purposes.*’

Figure 6 indicates that both of the free dye isomers (trans
and cis) have LUMO levels (—2.16 eV for trans and —1.91 eV
for cis) above the bottom of the CB of TiO, and HOMO levels
(—5.30 eV for trans and —5.28 eV for cis) below the electrolyte
redox level; this means that both trans and cis isomers satisfy
the energy level criteria for DSSCs. In addition, although cis
seems to have a larger driving force for electron injection (a
higher LUMO level than that of trans), it exhibits a larger band
gap, which is undesirable for optical absorption;*' indeed,
considering the lower optical absorption determined by
experiments, with its larger band gap, the cis isomer is inferior
to trans in terms of light absorption.

The scenario is similar for the two nanocomposites: the
LUMO levels of transTiO, and cisTiO, are higher than the
bottom of the TiO, CB and their HOMO levels are lower than

dx.doi.org/10.1021/am500308d | ACS Appl. Mater. Interfaces 2014, 6, 3742—3749
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Figure 6. Plot of HOMO-1 (lowest), HOMO (middle), and LUMO
(highest) energy levels of trans, cis, transTiO, and cisTiO,. Reference
values for the bottom of TiO, conduction band (-4.04 eV) and I"/1,~
redox level (—4.94 €V) are taken from the literature** and are plotted
for comparison.

the electrolyte redox level, indicating a strong driving force for
electron injection from nanocomposites to the bulk semi-
conductor, and favorable regeneration of the neutral dye. There
are, however, some differences between the free organic
isomers and nanocomposite forms predicted by DFT: the
optical band gap is much smaller for the nanocomposites,
indicating that dye---TiO, adsorption has a distinct facilitatory
impact on the energy level characteristics required for favorable
light absorption; this is also manifest in the UV/vis absorption
spectra calculated via TDDFT (Figure 7). Accordingly, the light
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——cisTiO,
’; .
s
c
S
I
o
172}
Q
2 ]
350 400 450 500 550 600 650 700
Region 3 Region 2 Region 1
(cis) (trans) (cis)

Wavelength (nm)

Figure 7. Normalized UV/vis absorption spectra calculated by
TDDFT at the b3lyp/6-31g(d,p) level. Region 1 essentially comprises
cisTiO, absorption; absorption contributions in region 2 mainly arise
from trans and transTiO,; region 3 is dominated by cis absorption
(note the subtle larger absorption intensity of cisTiO, in most of this
region).

absorption disadvantages noted for the cis isomer in its free
form are essentially negated once they have been incorporated
into a dye/TiO, nanocomposite.

Simulated UV/Vis Absorption Spectra. In common with
the experimental spectra (Figures 2 and 3), UV/vis absorption
spectra of trans, cis, transTiO,, and cisTiO, predicted by
TDDFT (Figure 7) could also be divided into three regions:
region 1 (essentially comprising cisTiO, spectral features),
region 2 (dominated by spectral features of trans and
transTiO,), and region 3 (dominated by cis), whose wave-
lengths closely match those of the experimental spectra. These
computed trans and cis spectral categorizations confirm the
experimental assignments, where region 2 was assigned to trans

3746

(more precisely, contributions are from both trans and
transTiO,) and region 1 & 3 are assigned to cis (similarly,
from both cis and cisTiO, contributions). As photoirradiation
proceeds, trans decreases while cis increases, indicating that
intensity in regions 1 and 3 increases while that in region 2
decreases. This was observed experimentally (Figures 2 and 3).
In other words, the TDDFT prediction agrees with the
experimental photoisomerization data and its corresponding
spectral peak assignments.

Photoisomerization Captured by DSSC Performance.
When the azo dye/TiO, nanocomposites are deposited onto
conducting FTO glass and overlaid with a Pt-coated FTO glass
counter electrode, between which is placed a suitable redox
electrolyte, a dye-sensitized solar cell is formed (Figure 8). The
solar cell provides electrical power and so its photoresponse can
give additional diagnostic information about the photo-
isomerization process of the organic dyes on TiO, nano-
particles.'” Usually, longer time evolution (days to months) of
cell performance is frequently examined when solar cell stability
should be considered,"*® but the subtle performance changes
at short time span (minutes) are rarely examined. Figure 2 and
3 indicate that the photoisomerization is particularly active
within the first few minutes of photoirradiation which might
impact on overall cell performance. Figure 9 depicts the J—V
curves of the corresponding azo dye/TiO,-incorporated solar
cell, measured at different time intervals under solar
stimulation. The four critical parameters of cell performance
(Jeo Voo FF, and 7), plotted as a function of time, are shown in
Figure 10. Solar cell performance seems to correlate well with
the process of photoisomerization. J,. (electrical short-circuit
current density) is largely affected by the light absorption (solar
energy). As a result, the time-dependent decrease of absorption
in most visible regions, because of a decrease in trans isomer
population (Figure 3), leads to a continuous decrease of J.
The decrease of J,. is more obvious in the first minute (Figure
10). V. is strongly affected by the electron recombination rate
to the electrolyte. As was anticipated via the DFT-simulated
adsorbed structures, the cis isomer exhibits a larger
recombination rate, as the cis isomer adsorbs nearer to the
TiO, surface; correspondingly, the charge density in the
HOMO of cisTiO, lies close to this surface (Figure S). As a
result of the cis formation, V. decreases over time, especially
for the first minute. That said, this observed trend of V. is
similar to that of the protonated form of the celebrated DSSC
dye, N719, i.e,, N3, under the same short time evolution (see
Figure S3 in the Supporting Information). This suggests that
purely stabilization effects associated with the different
photoelectrochemical processes that govern the cell perform-
ance might dominate the nature of V,, rather than photo-
isomerization. The same holds true for FF and # when the azo
dye performance is compared with reference N3 dye;
nevertheless, the decrease in J,. of the azo dye is dramatically
different compared with N3, strongly indicating the impact of
photoisomerization on DSSC performance; this agrees with
previous findings on other organic dyes.'”** It should also be
noted that V_ is complicated by a possible effect that the cis
structures form a sterically hindered layer on the TiO, surface
(Figure 8a) which stands to block the electron back transfer
from the TiO, region to the electrolyte much more in the cis
form than in the trans configuration.

Repetitive device testing in duplicate DSSCs (see Figure S4
in the Supporting Information) indicates that such time
revolution trend of ], is consistent. Although the time

dx.doi.org/10.1021/am500308d | ACS Appl. Mater. Interfaces 2014, 6, 3742—3749
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Figure 8. Magnified view of (a) trans-to-cis photoisomerization of azo dyes on TiO, nanoparticles and (b) azo dye/TiO, nanocomposites embedded
in dye-sensitized solar cells. The little red dots represent the azo molecules, whereas the grey colored balls represent TiO, nanoparticles.
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Figure 9. J—V curves of the solar cell measured at different times while
exposed under a solar simulator. The progressive change in J—V
responsive curves is due to photoisomerization of azo dyes.

evolution of DSSC performance could result from a
stabilization of other factors, the strong correlation between
the UV/vis absorption spectra and ] time evolution provides a
reassuring “diagnosis” of photoisomerization via dye-sensitized

solar cell performance.

B CONCLUDING REMARKS

TiO, nanoparticles have been shown to assist the trans—cis
photoisomerization process of the subject azo dye, evidenced
by UV/vis absorption spectra, in stark contrast with the dye in
solution where negligible photoisomerization at room temper-
ature exists. DFT/TDDFT calculations provide an explanation
for this catalytic action, via the revelation that an additional
pseudo-conical intersection point exists near the cis structural
configuration when the dye is adsorbed to TiO, nanoparticles,
while in solution the only pseudo-conical intersection point
exists near the trans geometry. This additional pseudo-conical
intersection offers a de-excitation pathway to a stable cis ground
state local minimum.

The photoisomerization of this azobenzene derivative has an
evident effect on its photoelectrochemical properties. The
photoresponsive changes, unveiled by employing correspond-
ing DSSC photovoltaic characterization as a diagnostic, give
further information on the trans-cis photoisomerization of azo
dyes. To this end, the step-wise changes in J—V curves shown
herein indicate the mechanistic evolution of photoisomerization
on the TiO, surface.

Although the overall DSSC performance suggests that the
photoisomerization process impacts detrimentally on the
resulting J,, the intricate, more complicated optical and
optoelectronic changes of the azo dye should not be neglected.
For example, if one can deal with this short timeframe J_ issue,
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Figure 10. ], V,, FF, and 7 as a function of time. J,. continuously decreases especially for the first minute.
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this TiO,-assisted azo dye photoisomerization could actually
realize better panchromatic performance in DSSC technology
as the cis and trans isomer mixing would render a form of dye
quasi-cosensitization owing to the complementary optical
absorption characteristics of each isomer. Moreover, the more
optimal geometry of the cis isomer on TiO, nanoparticles,
relative to the trans isomer, suggests a compact layer formation
that sterically inhibits losses owing to dark current.

In more general terms, this subject dye serves as an exemplar
in the sense that TiO, nanoparticles could activate many
photoisomerizable azo-dye compounds as long as anchoring
groups such as carboxylate, phosphonate, sulfonate, pyridine,
perylene and hydroxamate are employed; this prospects the
greater freedom in material selection for the design of future
azo-dye based molecular switches. Pending the trans—cis
irreversibility shown in this subject case can be circumvented
by judicious tuning of the pseudo-conical intersection via
chemical substitution, such molecular switching could be
tailored to be reversible, or irreversible, to suit a given device
application. Combining this with the fact that a large pool of
anchors could be used to immobilize organics onto the TiO,
surface, in contrast to the gold nanoparticle thiol anchoring
restrictions, the future molecular design of photoisomerizable
smart surfaces could be facilitated.

B ASSOCIATED CONTENT
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List of azo bond lengths and angles between two phenyl rings
and cation-TiO, surface distances (Table S1); electrostatic
potential for trans, cis, transTiO, and cisTiO, (Figure S1);
distributions of HOMO-1, HOMO, LUMO and LUMO+1
orbitals for trans and cis (Figure S2); HOMO-1, HOMO and
LUMO energy levels of trans, cis, transTiO, and cisTiO, using
different basis sets (Table S2); time evolution of DSSC
performance by the reference N3 dye (Figure $3); and multiple
testing of a DSSC incorporated with para-methyl red (Figure
S4). This material is available free of charge via the Internet at
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