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A unique structural transformation of a lepidocrocite-type layered titanate, K, ¢T1, ,5Li, ,,O,, into a rutile-type TiO, has recently
been realized via dilute HCI treatment and subsequent drying at room temperature for producing rutile-nanoparticle-decorated
protonated layered titanate exhibiting highly efficient photocatalytic activity. Herein, the authors report synthesis of a
lepidocrocite-type layered cesium titanate with nominal compositions of Cs,;Ti; g5, Ni,Og 175,204 (x=0, 0.05, 0.1, and
0.35) through solid-state reactions of Cs,CO,, TiO,, and Ni(CH,COO),4H,0O at different temperatures (600 or 800°C),
followed by treatment with dilute HCl and subsequent drying to produce a Ni-doped protonated layered titanate/TiO,
composite. Csy;Ti; 5554, Ni Oy 17520, With an optimized Ni content obtained at a lower temperature was converted into a
Ni-doped protonated layered titanate/TiO, composite to exhibit high photocatalytic activity for NO, decomposition reactions.

1. Introduction expandable 2D nanospaces to accommodate reactants and

such functional species as cocatalysts and sensitizers [6-8].

Fuel production, environmental purification, and fine chem-
ical synthesis using a semiconductor photocatalyst with solar
light have attracted tremendous attention for developing
sustainable photoenergy conversion processes [1-5]. Efforts
have thus been made to modify conventional semiconductor
photocatalysts as well as to synthesize new state-of-the-art
versions, in terms of improved charge-separation efficiency,
photoabsorption properties, and specific surface area.
Layered transition metal oxides have been used to design
highly efficient photocatalysts, due to their ability to provide

The interlayer structures have been controlled to induce
unique photocatalytic reactions, moreover, such as substrates
or product-selective reactions [9, 10].

Among layered transition metal oxides, lepidocrocite-
type layered titanates are characterized by swelling properties
as well as compositional versatility [11]. These make them
extremely promising candidates for designing highly efficient
functional hybrid photocatalysts. The general formula for
lepidocrocite-type layered titanate is A, Ti, ,M,O, (A: inter-
layer alkali metal ion; M: metal ion or vacancy). Alkali metal
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ions are located in the interlayer spaces between titanate
sheets to compensate for the negative charge of the layers,
which arises from isomorphous substitution of Ti with low-
valent metal species or vacancies. We recently reported that
a lepidocrocite-type layered titanate with a composition of
Ky g1 75Lig 5,0, (referred to as “KTLO”) exhibited a unique
transformation into rutile with dilute HCI treatment and
subsequent drying at room temperature (even at 60°C to
accelerate the transformation) [12, 13]. Rutile nanoparticles
were formed on the outer surface (not in the interlayer space)
of protonated layered titanate particles (H; o, Ti; 730, ;0,0
denotes a vacancy) during the drying process. After Pt load-
ing, the protonated layered titanate/rutile composite showed
higher photocatalytic H, evolution activity from water when
compared with Pt-loaded P25 (a benchmark photocatalyst
for the reaction). The high photocatalytic activity was
explained by a transfer of photoexcited electrons from the
protonated layered titanate phase to rutile for enhancing
charge separation efficiency. It should be noted that photo-
catalytic activity of the protonated layered titanate was
remarkably enhanced without any interlayer modification,
which often requires multiple complicated steps.

Doping of transition metal ions into a TiO, framework
often results in improved photocatalytic activity due to
enhanced-charge separation efficiency and/or development of
visible-light responsivity [14-19]. In the case of acid treatment
of KTLO, the Li" ions in the layers were completely extracted to
leave defects in the titanate sheet [12], while the negative charge
was likely to be balanced by accommodating H (or in the form
of H;0™). On the other hand, negligible extraction of Ni** was
observed for Cs,,Ti; sNi, 350, under the same experimental
conditions as those for KTLO, possibly due to a stronger elec-
trostatic interaction between metal ions with higher valences
and oxide anions [20]. In the present study, we selected Ni-
doped lepidocrocite-type layered cesium titanates with differ-
ent Ni contents as starting materials, and the effects of the
Ni-doping on the photocatalytic activity of the layered cesium
titanate after dilute HCI treatment and subsequent drying for
NO,, decomposition reactions was investigated.

2. Experimental

2.1. Materials. Potassium carbonate (K,CO;, 99.95%) was
purchased from Kanto Chemical Co., Ltd. Cesium carbonate
(Cs,C0;5, 95.0-102%) and nickel acetate tetrahydrate (Ni(CH,_
C00),4H,0, 98.0%) were obtained from FUJIFILM Wako
Pure Chemical Corporation. Titanium dioxide (P25 TiO,,
>99.5%) was kindly donated by Nippon Aerosil Co., Ltd.
Anatase-type TiO, (JRC-TIO-1) and rutile-type TiO, (JRC-
TIO-16) were supplied by the Catalysis Society of Japan.
Hydrochloric acid (HCI, 35.0-37.0%) was purchased from
Nacalai Tesque, Inc.

2.2. Sample Preparation. A layered cesium titanate with nom-
inal compositions of Csg;Ti; g5, Ni,0g 17520, (=0,
0.05, 0.1, and 0.35) was synthesized by solid-state reactions
with stoichiometric ratios of Cs,CO;, TiO,, and Ni(CH,
C00),-4H,0. TiO, was suspended in an aqueous solution
of Cs,CO; with/without Ni(CH;COO),-4H,0 by ultrasoni-
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cation for 5min, and the suspension was stirred at 100°C to
evaporate the water. The powder mixture was collected and
then calcined at 600°C for 30min in air. After cooling to
room temperature, the sample was mixed again with acetone
using a planetary ball mill (Planet M2-3, Gokin Planetaring
Inc.). After evaporation of the acetone at room temperature,
the samples were calcined at 600°C or 800°C for 20 h in air.
The samples obtained by the solid-state reactions were
referred to as CTNO (x)_T, where T represents the calcina-
tion temperature. CTNO (x)_T was suspended in dilute
HCI (0.5 M), and the suspension was stirred at room temper-
ature for 3 days. After centrifugation, the solid phase was
collected and dried at 60°C overnight without washing with
water, resulting in retention of HCl on the outer particle
surface. The samples prepared by dilute HCl treatment
and subsequent drying of CTNO (x)_T were referred to
as HTNO (x)_T.

2.3. Characterization. X-ray powder diffraction (XRD) pat-
terns of the samples were recorded with a Rigaku Ultima
IV diffractometer operated at 40 mA and 40 kV with mono-
chromatic CuKa radiation. UV-vis diffuse reflectance (UV-
vis DR) spectra of the samples were obtained with a JASCO
V-750 spectrophotometer equipped with an integrating
sphere (ISV-722 attachment). X-ray photoelectron spectros-
copy (XPS) analyses were performed with an ULVAC-PHI
PHI5600. Raman spectra were recorded with a Renishaw in
Via reflex spectrometer using a 532nm laser. Inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
measurement was performed with an SPS 5510 (SII Nano-
Technology, Inc.). The extraction rate (%) of Ti and Ni from
the samples during the dilute HCI treatment was determined
by the following equation:

) Amount of element extracted
Extraction rate (%) = - x 100
Amount of element in the sample
(1)

2.4. Photocatalytic Reaction. The photocatalytic activity of
the samples was evaluated by a NO, decomposition reaction
in the gas phase under light irradiation (A > 290 nm) at room
temperature using a continuous flow-type reactor. A high-
pressure mercury lamp (Ushio 450 W) was used as a light
source. The initial concentration of NO was set to 1 ppm with
compressed air, and the NO, concentration after photocata-
lytic decomposition was estimated using an NO, analyzer
(Yanaco, ECL-88A). Note that NO, formed by photocatalytic
oxidation of NO is also counted as an NO,, species. The NO
conversion ratio was calculated using the measured NO,
concentration.

3. Results and Discussions

Figure 1 shows XRD patterns of CTNO (0)_800, CTNO
(0.05)_800, HTNO (0)_800, and HTNO (0.05)_800. Note
that the layered cesium titanate with a composition of
Cs 5 Ti; g2500.17504, which is equivalent to the nominal com-
position of CTNO (0)_800, has previously been prepared by
a solid-state reaction of Cs,CO; and TiO, at above 700°C.
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FiGure 1: XRD patterns of (a) CTNO (0)_800, (b) CTNO (0.05)_
800, () HTNO (0)_800, and (d) HTNO (0.05)_800: V: Cs,
Ti; 5250017504 Vi Hy,Ti, 555001750, W: TiO, (rutile), and O:
unknown.

Both the XRD patterns of CTNO (0)_800 and CTNO (0.05)
800 (Figures 1(a) and 1(b)) were assignable to that of
Csy 7Ty gp500 1750, [21], indicating that layered cesium tita-
nate with/without Ni was successfully obtained. The visible-
light absorption at a wavelength shorter than 500 nm by Ni
addition (Figure 2) supports successful Ni-doping into the
titanate sheet framework, since transition metals including
Ni can develop visible-light absorption by formation of
localized energy states in the band gap of TiO, [14] and since
the local structure of lepidocrocite-type layered titanates is
similar to that of TiO, [22]. The tail of the visible-light absorp-
tion was located at a position closely similar to that observed
for Ni-doped TiO, in previous reports [23, 24]. In the XRD
pattern of HTNO (0)_800 (Figure 1(c)), peaks attributable to
rutile were observed at 20 = 27.4, 36.1, and 41.2°, while peaks
in other positions were assignable to H;, ; T, 4,50, 1750, [21],
the protonated form of Cs;, , T, 4,500, ;750,, revealing that the
partial transformation of titanate sheets to rutile observed for
KTLO in the previous report also occurred in CTNO (0)_
800. On the other hand, no rutile formation was observed in
HTNO (0.05)_800 (Figure 1(d)), indicating that doping with
a small Ni content suppressed the transformation of the
titanate sheets into rutile.

Figure 3(a) shows XRD patterns of CTNO (x)_600.
Although a very weak XRD peak ascribable to anatase was
observed at 20 =25.4°, the XRD pattern of CTNO (0)_600
was almost identical to that of Cs,, , Ti; 550, ;7504 [21]. This
indicates that Cs;,Ti, gps0,1750, was obtained even at
600°C, while it has been prepared by solid-state reactions
only at above 700°C [21, 25-28]. Weak peaks at 20 = 25.4°
ascribable to anatase were observed in the cases of CTNO
(0.05)_600 and CTNO (0.1)_600, while an unknown weak
peak was observed at 20=29.7° in the case of CTNO
(0.35)_600. It should be noted, however, that all the peaks
at other positions were assignable to Cs;,Ti; g,50, 1750,
[21], indicating that the desired layered cesium titanate phase
was obtained as the main phase in every case. Although we

2.5

1.5 1

F(R..)

0.5

O T T T
200 300 400 500 600

Wavelength (nm)

— CTNO(0)_8
— CTNO(0.05)_800

FIGURE 2: UV-vis DR spectra of CTNO (0)_800 and CTNO (0.05)_
800.

anticipated that the XRD peaks would shift to smaller 20
values due to doping in the octahedral site with Ni*" with a
larger ion radius (0.0690 nm) than that of Ti** (0.0605 nm)
[29], no such shift was observed. As shown in Figure 4, the
lattice constants of the Ni-doped samples were almost identi-
cal to that of CTNO (0)_600. This indicates that Ni-doping
did not affect the crystal structure of CTNO (0)_600.

Figure 3(b) shows XRD patterns of HTNO (x)_600. XRD
peaks assignable to H,Ti, 5,500,150, and rutile were
observed in all the samples, while that assignable to anatase
was additionally observed in the case of x = 0 — 0.1. Given that
no transformation occurred in CTNO (0.05)_800 after dilute
HCI treatment and subsequent drying, it was apparent that a
structural transformation of the Ni-doped layered cesium tita-
nate into rutile as well as anatase was promoted by posttreat-
ment when a sample prepared at a lower temperature was
used as the starting material. The intensity of the peak at 20
=10.2° attributable to the (020) plane of H ,;T1; 4,50, 1750,
increased with increases in the Ni content, while the intensity
of the peak at 20 =27.6° attributable to the (110) plane of
rutile decreased remarkably when the x value increased from
0.1 to 0.35. These results further confirm that the transforma-
tion of titanate sheets into rutile was suppressed by Ni-doping.
The counter anion of the acids has been reported to affect the
crystal phase of TiO, obtained from KTLO [22], and the struc-
tural transformation of KTLO into rutile by dilute HCI treat-
ment and subsequent drying was explained by the effect of
the chloride ion in the previous study [12]. In the present
study, on the other hand, formation of anatase in addition to
rutile was observed after posttreatment of CTNO (x)_600,
except for the x value of 0.35. The composition of the starting
material is likely to affect the TiO, phase transformed from
titanate sheets, although the mechanism remains unclear.

Figure 5 displays Raman spectra of standard TiO, sam-
ples (anatase and rutile), HTNO (0.1)_600, and HTNO
(0.35)_600. The Raman bands at 143, 394, 513, and 634cm”

! of anatase were ascribable to the Eg, Ayg By, and E; modes,
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FIGURE 4: Lattice constant of CTNO (x)_600.

respectively, while those at 432 and 600 cm™! of rutile were
assigned to the E, and A,, modes, respectively [30]. In the
case of HTNO (0.1)_600, the peaks at 136 cm ™! and 595cm”
! were attributable to anatase and rutile, respectively, while
the position of the band at 440cm™ was similar to that of
the typical Raman band of Hy,Ti; 45001750, (449cm™)
[31], further confirming that HINO (0.1)_600 is a mixed
phase of protonated layered titanate, anatase, and rutile. On
the other hand, in the case of HTNO (0.35)_600, the Raman
bands at 268, 435, and 710cm™ were attributable to
H,, Ti, 42500 1750, while that at 594cm™ was attributable
to rutile. The fact that no Raman bands attributable to
anatase were observed correlates well with the results of
the XRD analysis.

Figure 6(a) shows UV-vis DR spectra of CINO (x)_600.
The light absorption edge at a wavelength of 350 nm
observed for CTNO (0)_600 shifted to longer wavelengths
with increases in the Ni content. As shown in Table 1, the
band gap energy of CTNO (0)_600 calculated by the Tauc
plot [32] (Figure 6(b)) was 3.52 eV, which is slightly smaller

435 710
4

268 > (d)
136 40 595 ©

E)

S 143

=

&

E 432

T T T T
400 500 600 700

Raman shift (cm™)

T T
100 200 300 800

FIGURE 5: Raman spectra of (a) anatase (JRC-TIO-1), (b) rutile
(JRC-TIO-16), (c) HTNO (0.1)_600, and (d) HTNO (0.35)_600.

than the value previously reported for layered cesium titanate
(3.62eV) whose composition (Cs 4 Ti; 30, 170,) is similar
to that of CITNO (0)_600 (Cs,,Ti; g50017504) [33]. The
band gap energy decreased with increases in the Ni content.
On the other hand, visible-light absorption at wavelengths
shorter than 500 nm was introduced by Ni-doping, and the
absorption increased with increases in the Ni content. The
visible-light absorption changes are ascribable to the
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FIGURE 6: (a) UV-vis DR spectra and (b) Tauc plots of CTNO (x)_600; x =0, 0.05, 0.1, and 0.35.

TaBLE 1: Band gap energies of different samples.

Sample Band gap energy (eV)
CTNO (0)_600 3.52
CTNO (0.05)_600 2.88
CTNO (0.1)_600 2.83
CTNO (0.35)_600 2.73
HTNO (0)_600 3.28
HTNO (0.05)_600 3.08
HTNO (0.1)_600 2.95
HTNO (0.35)_600 2.81

introduction of localized energy states into the band gap by
Ni-doping as mentioned above. As shown in Figure 7(a),
the visible-light absorption attributable to the Ni-doping
was observed in the samples even after dilute HCI treatment
and subsequent drying, although the absorption intensity
decreased, indicating that doped Ni was retained in the tita-
nate sheets, whereas the majority of the doped Ni was
extracted during dilute HCI treatment, as revealed by ICP-
AES measurement (details to be presented later). As shown
in the XPS spectrum of the Ni 2p region of HITNO (0.35)_
600 (Figure 8), two peaks at 856.3 and 874.0eV were
observed, confirming the retention of Ni as a divalent form
[34]. As shown in Table 1, the band gap energy of HTNO
(0)_600 (3.28¢eV) was smaller than that of CTNO (0)_600
(3.52eV). A decreased band gap energy of a layered cesium
titanate via interlayer protonation has previously been
observed for Cs ¢ Ti; 430, 1,0, (3.62 to 3.47 eV) using dilute
HCI treatment [33]. On the other hand, in the case of
the Ni-doped samples, the band gap energy increased
after dilute HCl treatment and subsequent drying. This
correlates well with the blue shift of the light absorption
edge of Csg,Ti; ¢sNiy;50, after dilute HCI treatment in
the previous report [20].

Table 2 shows the extraction rates of Ti and Ni from
CTNO (x)_600 during dilute HCI treatment and the residual
Ni/Ti ratios in the samples after dilute HCI treatment. While
the Ni extraction rates were almost constant at 80-90%, those
of Ti increased from 13.4 to 57.6% with increases in the Ni
content. Accordingly, the residual Ni/Ti ratio in CTNO (x
)_600 after dilute HCI treatment increased with increases in
Ni content. The larger extraction rate for Ni compared with that
reported for C,,Ti; ¢Nij;;0, under the same experimental
conditions (0.5M and 3 days for the HCI concentration and
reaction time period, respectively) [20] was likely attributable
to the smaller particle size of the sample in this study. This is
because the preparation temperature of CINO (x)_600
(600°C) in this study is lower than that of C,,Ti, (sNi; 350, in
the previous report (800°C).

Figure 9 shows the photocatalytic NO conversion ratios
over CTNO (x)_600 and HTNO (x)_600. Because the Ni-
doped samples showed negligible photocatalytic activity under
visible-light (A > 420 nm) irradiation in spite of their visible-
light absorption properties, the photocatalytic performance
of the samples was evaluated under irradiation by light with a
wavelength longer than 290 nm. In the presence of water and
oxygen, photooxidation was dominant for the mechanism of
the NO, decomposition reaction. The hydroxyl radical, ‘OH,
produced by photooxidation of H,0, and the hydroperoxyl rad-
ical, OOH, generated by the reaction between H" and photore-
duced oxygen (O*") were involved in the oxidation of NO to
form HNO; [35-37]. Considering that water and oxygen were
contained in the compressed air in the present study, NO was
likely to have been decomposed by the photooxidation process.
All the CTNO (x)_600 samples showed a NO conversion ratio
approximately 1.8 times higher than P25, which is often used as
a benchmark TiO, photocatalyst [38, 39]. The NO conversion
ratio at CTNO (x)_600 was almost constant for all the Ni
contents, indicating that the photocatalytic activity of CTNO
(x)_600 was not dependent on the amount of doped Ni. After
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TaBLE 2: Extraction rates of Ti and Ni and the corresponding
residual Ni/Ti ratios in the CTNO (x)_600 samples after dilute
HCI treatment.

Extraction rate

Sample Ni Ti Residual Ni/T1i ratio
CTNO (0)_600 N. D. 13.4 0

CTNO (0.05)_600 84.1 249 59x107
CTNO (0.1)_600 89.5 55.3 13.2x 1073
CTNO (0.35)_600 80.5 57.6 97.6 x 107

dilute HCI treatment and subsequent drying, the NO conver-
sion ratio over CTNO (x)_600 decreased, except for the x value
of 0.1, resulting in the highest NO conversion rate over HTNO
(0.1)_600 among the HTNO (x)_600 samples. The photocata-
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Fi1GUrE 9: NO conversion ratios at (a) P25, CTNO (x)_600 with x
values of (b) 0, (c) 0.05, (d) 0.1, and (e) 0.35, and HTNO (x)_600
with x values of (f) 0, (g) 0.05, (h) 0.1, and (i) 0.35.

lytic NO conversion rate over HTNO (0.1)_600 was twice as
higher as that of P25. It should be noted that the design of a
semiconductor photocatalyst for a NO, decomposition reaction
superior to that of P25 remains challenging [35] and that the
activity of HTNO (0.1)_600 was comparable to that of a smart
TiO,-based composite photocatalyst with excellent photocata-
lytic performance reported previously [40]. The best photocata-
Iytic activity of HTNO (0.1)_600 among the HTNO (x)_600
samples was probably caused by a suitable ratio of protonated
layered titanate and TiO,, because the interparticle charge
transfer followed by enhanced photocatalytic activity depended
largely on the phase composition of the TiO,-based composites
[41-44]. As deduced from the XRD analyses, a layered titanate
with low Ni content is likely to be transformed easily into TiO,
(both anatase and rutile) to decrease the residual layered
titanate phase. In light of the fact that the high photocatalytic
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performance of the protonated layered titanate/rutile composite
in the previous report was attributable to an electron transfer
between two components [12], excess conversion of titanate
sheets into TiO, to reduce the protonated layered titanate-
TiO, interfaces is considered to be detrimental to photocatalytic
performance. Accordingly, the photocatalytic activities of
CTNO (0)_600 and CTNO (0.05)_600 decreased remarkably
after dilute HCI treatment and subsequent drying. On the other
hand, in the case of CTNO (0.35)_600, a relatively small
decrease in the NO conversion ratio via dilute HCI treatment
and the subsequent drying was attributable to the fact that the
transformation of titanate sheets into TiO, was suppressed by
Ni-doping, as mentioned above, and thus, almost no charge
transfer occurred between the components. The mechanism
of the improved photocatalytic activity of CTNO (0.1)_600
via posttreatment is possibly explained by the fact that the Ni-
doped protonated layered titanate/TiO, ratio was optimized
to induce an efficient interparticle charge transfer and improve
the charge separation efficiency. Also, doping with Ni can be
effective for decreasing the number of Ti defect sites in layered
titanate, which can induce charge recombination [45].

4. Conclusions

The lepidocrocite-type layered cesium titanate with nominal
compositions of Csy,Ti; gy5./oNi,Og 1754204 (=0, 0.05,
0.1, and 0.35) was synthesized by solid-state reactions of
Cs,CO;, TiO,, and Ni(CH,;CO0),-4H,0 at different tempera-
tures (600 or 800°C). The layered cesium titanate obtained by
the solid-state reactions was treated with dilute HCl and subse-
quently dried to induce partial transformation into anatase-
and rutile-type TiO,. When the solid-state reaction was
conducted at 800°C, no structural transformation into TiO,
was observed for the Ni-doped sample after posttreatment,
while the sample obtained at 600°C was transformed into ana-
tase and/or rutile for all the composition. The photocatalytic
activity for the NO, decomposition reaction of the samples
obtained by the solid-state reaction at 600°C was not dependent
on the doped Ni content. On the other hand, the layered
cesium titanate with an x value of 0.1 after dilute HCI treat-
ment and subsequent drying showed the highest photocata-
lytic activity among the samples, and the activity was twice
as higher as that of P25, a benchmark photocatalyst for
the reaction. This was likely attributable to the optimized
Ni-doped protonated layered titanate/TiO, phase ratio in
the composite to induce an efficient interparticle electron
transfer between these two components. Careful selection
of the composition of the starting lepidocrocite-type layered
titanate seems to be effective for designing layered titanate-
based composite photocatalysts with improved photocatalytic
performance.
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In this work, the role of deoxycholic acid (DCA) as a coadsorbent was investigated in the sensitization of mesoporous TiO, layers
(host) with symmetrical carboxy heptamethine cyanine dyes (guest). Different approaches have been tested, aimed at reducing the
H-aggregation and minimizing the competition between cyanine molecules and DCA for active sites of the host, thus improving
solar cell efficiency. Heptamethine cyanines containing carboxylic anchoring groups were obtained with good yields. The
cyanines present UV-Vis absorption in methanol and dimethylformamide solutions ascribed to fully allowed electronic
transitions ('77r *), as well as fluorescence emission in the NIR region, with any evidence of aggregations in both ground and
excited states. TD-DFT calculations were also performed in order to study the geometry and charge distribution of these
compounds in their ground and excited electronic states. Solid-state photophysics indicates that the cyanines showed excellent
adsorption on TiO,, which can be justified by the presence of the -COOH moieties in the structure. Photophysical
measurements have revealed the best concentrations of dye and DCA, which resulted in efficient inhibition of cyanine
H-aggregates on the TiO, surface in addition to allow large dye loading. HOMO and LUMO energy levels of the dyes
were identified by cyclic voltammetry, showing oxidation and reduction potentials within acceptable limits for application
as a photosensitizer in dye-sensitized solar cells (DSSCs) based on a TiO, mesoporous photoanode. Assembled DSSCs have
shown a large improvement of the electrical parameters and efficiency when a balance between dye aggregation and the
competition to the host active sites was reached.
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1. Introduction

Heptamethine cyanines are organic cationic or neutral com-
pounds, structurally constituted by two heterocyclic nitroge-
nous portions interconnected by a polymetallic chain [1].
This structural configuration gives these compounds bands
of absorption and fluorescence emission that vary from 700
to 1000 nm and can be modulated according to the number
of vinyl groups present in the unsaturated chain [1]. Due to
their photophysical properties in the near-infrared, this class
of dyes has been explored in many technological applica-
tions, such as in hybrid solar cells [2] and nonlinear absorb-
ing materials [3, 4], and in bioanalysis, such as enzymatic
assays, immunoassays, cancer detection, diagnosis modali-
ties, identification of metallic ions, and pH studies, and as a
drug carrier [5-10]. Yet, special attention has been given to
heptamethine cyanines in dye-sensitized solar cell applica-
tions [11-17]. These metal-free sensitizers can present some
advantages over ruthenium-based complexes, commonly
used for sensitization: they are much cheaper and have
higher molar extinction coeflicients, in addition to present
absorption at longer wavelengths [18], and their molecular
design—and consequently their obtention—can be easily
customized. Nevertheless, the well-known easy formation of
aggregates in heptamethine cyanines [19, 20] is a major
drawback in the particular for applications in DSSC, result-
ing in decreased solar cell performance [2, 21].

To reduce the formation of aggregates on the photoa-
node, some compounds known as coadsorbers can be applied
as additives in the sensitizing dye solution [2, 21], such as
chenodeoxycholic acid (CDCA) and deoxycholic acid
(DCA). Previous works have shown that a lower concentra-
tion of the coadsorbent already plays a significant role in
solar cell efficiency, while by increasing the concentration,
the contribution of H-aggregates is reduced and the solar cell
efficiency increases [20, 22]. In the case of heptamethine
cyanines (guest) adsorbed on TiO, mesoporous film (host),
as presented by Zidtek et al., the gain in efficiency can be
explained by taking the excited state dynamics of the compo-
nents into account.

In this paper, we study the effect of aggregation of
heptamethine cyanine symmetrical dyes (guest) on TiO,
nanoparticles (host), applying deoxycholic acid (DCA) as a
coadsorbent to evaluate the suppression capacity of the dye
aggregation. Also, the experimental and theoretical photo-
physical characterizations of these compounds are presented
and discussed, and sensitized solar cells were assembled with
an optimized dye: coadsorbent ratio.

2. Experimental

2.1. Material and Methods. p-Aminobenzoic acid, 3-methyl-
2-butanone, sodium acetate, and SnCl,-2H,O were pur-
chased from Sigma-Aldrich. NaNO,, HCl, MeOH, and
CH,COOH were acquired from Synth. POCI, and iodo-
methane were acquired from Sigma. 4-Methylcyclohexa-
none, 4-ethylcyclohexanone, and 4-tert-butylcyclohexanone
were acquired from Alfa Aesar. Thin layer chromatography
was performed using Silica Gel 60 F254. Column chromatog-

International Journal of Photoenergy

raphy was performed using Silica Gel 60 A (70-230 mesh).
Infrared spectra were obtained with a Shimadzu-IR
PRESTIGE-21 spectrometer in the NaCl window. The acqui-
sition was made at room temperature with 20 scans and
4.0cm™ resolution. 'H and "C NMR analyses were per-
formed with a Bruker Scientific apparatus operating at
400 MHz for 'H and 100 MHz for '*C or a Varian VNMRS
300 MHz spectrometer operating at 300 MHz for 'H
and 75MHz for °C using deuterated dimethylsulfoxide
(DMSO-dy) or chloroform (CDCI,). Chemical shifts (§) were
measured in ppm, and coupling constants (J) in Hz. "H NMR
spectra were expressed regarding their multiplicity (s, singlet;
d, doublet; m, multiplet), coupling constant, and relative
number of hydrogens. UV-Vis absorption spectra were
obtained with a Shimadzu UV-2450 spectrophotometer in a
10°M solution at a spectral resolution of 0.1 nm. Solid-
state measurements were obtained on a Shimadzu UV-2450
spectrophotometer using an ISR-2200 Integrating Sphere
Attachment. The baseline was obtained using BaSO, (Wako
Pure Chemical Industries, Ltd.). In these experiments, the
samples were treated as powder. All measurements were car-
ried out at 25°C. Steady-state fluorescence spectra were
obtained using a Shimadzu RF-5301PC spectrofluorometer.
The maximum absorption wavelength was set as the excitation
radiation for emission measurements. Cyclic voltammetry
(CV) was performed on a PalmSens3 potentiostat/galvanostat,
using a solution of tetra-N-butylammonium hexafluoropho-
sphate (TBAPF) in CH,CL, (0.1 M) as the supporting electro-
lyte. A three-electrode cell was used comprised of a glassy
carbon electrode as the working electrode, a platinum wire
as the counter electrode, and an Ag/Ag" reference electrode.
The cell was deoxygenated by purging with argon before each
measurement. Ferrocene/ferricenium (Fc/Fc*) redox couple
was used as the internal reference. The performance of the
DSSCs was evaluated by current versus potential measure-
ments, carried out using a 300 W xenon arc lamp and an
AML1.5 filter. The power of the simulated light was calibrated
to 100 mW-cm ™ and recorded by a picoamperimeter Keithley,
model 2400.

2.2. Synthesis

2.2.1. 2,3,3-Trimethyl-3H-indole-5-carboxylic Acid (3). In a
round-bottom flask were added 4-hydrazinylbenzoic acid (1)
(1.0g, 6.5mmol), 3-methylbutan-2-one (2) (2.8g, 32 mmol),
and 40ml of glacial acetic acid, and the reaction was main-
tained under reflux for 12 h. After this period, the reaction mix-
ture was concentrated under vacuum, and dichloromethane
(50 ml) was added to the flask. Then, this solution was treated
with NaHCO, saturated solution (1x50ml). The aqueous
phase was extracted with dichloromethane (2x50ml). The
combined organic layers were dried using MgSO, and concen-
trated under vacuum. The product was obtained in 58% of
yield and used in the next step without purification.

Red solid: yield: 58%. "H NMR (CDCl,, 300 MHz): &
(ppm) 10.54 (s, 1H, J=8.0Hz), 8.16 (d, 1H, J = 9.0 Hz),
8.09 (s, 1H), 7.70 (d, 1H, ] =9.0 Hz), 2.41 (s, 3H), and 1.38
(s, 6H). >C NMR (CDCl,, 75 MHz): 8 (ppm) 192.7, 171.0,
157.0, 145.5, 130.9, 127.5, 123.3, 119.7, 54.0, 23.0, and 15.6.
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2.2.2. 5-Carboxy-1,2,3,3-tetramethyl-3H-indol-1-ium (5). In a
round-bottom flask were added 3 (0.50 g, 2.4 mmol), iodo-
methane (4) (1.70 g, 12 mmol), and acetonitrile (20 ml). The
reaction was maintained under 56°C for 12h. After this
period, ethyl acetate (40 ml) was added, and the mixture
was cooled at room temperature and maintained under agita-
tion for 30 min. Then, the resulting solid was filtered and
dried under vacuum. The product was obtained in 65% of
yield and used in the next step without purification.

Pink solid: yield: 65%. M.p.: 251-253°C. "H NMR (CDCl,,
400 MHz): 6 (ppm) 8.36 (s, 1H), 8.17 (d, 1H, ] =9.0 Hz), 8.03
(d, 1H, ] =9.0 Hz), 4.01 (s, 3H), 2.84 (s, 3H), and 1.57 (s, 6H).
C NMR (CDCl,, 100 MHz): § (ppm) 199.4, 166.9, 145.7,
142.3, 131.9, 130.7, 124.6, 115.8, 54.7, 35.6, 21.9, and 15.2.

2.2.3. Pentamethinic Salts (11a-c). In a round-bottom flask
cooled to 0° C, 2.4 ml of DMF (2.26 g, 31 mmol) and 2ml of
POCI, (3.37 g, 22mmol) were added dropwise, and this mix-
ture was stirred for 30 minutes. After 1.13 ml of cyclohexa-
none 6 (1.07g, 9.6 mmol) was added, the reaction mixture
was kept under stirring and reflux for 2 h. After this period,
the reaction temperature was reduced to room temperature
and a mixture of aniline (10) and ethanol [1:1 (v/v),
3.3 ml] was added and kept under stirring for 1h. After this
period, the reaction crude was poured into a mixture of ice
and concentrated HCI (10:1, 20ml) for 12h. After this
period, the resulting solid was filtered and washed as H,O,
recrystallized from toluene, filtered with filter paper, and
dried under vacuum. A similar procedure was performed
for obtaining the compounds 11b and 11c using cyclohexa-
nones 7 and 8, respectively.

N-((E)-((E)-2-Chloro-5-methyl-3-((phenylamino)methy-
lene)cyclohex-1-en-1-yl)methylene)benzenaminium chloride
(11a): violet solid. Yield: 70% (2.50g). M.p.: 221°C. FTIR
(cm™): 3042, 2946, 2868, 1607, 1565, 1465, and 1297. 'H
NMR (DMSO-dy, 400 MHz): § (ppm) 11.22 (s, 2H), 8.53 (s,
2H), 7.58 (m, 4H), 7.44 (m, 4H), 7.25 (m, 2H), 3.02 (m, 2H),
2.22 (m, 2H), 1.92 (m, 1H), and 1.14 (d, 3H, J = 4.0 Hz).

N-((E)-((E)-2-Chloro-5-ethyl-3-((phenylamino)methylene)-
cyclohex-1-en-1-yl)methylene)benzenaminium chloride (11b):
violet solid. Yield: 58% (2.15g). M.p.: 219-222°C. FTIR (cm™):
3090, 2958, 2855, 1607, 1565, 1453, and 1261. '"H NMR
(DMSO-dg, 300 MHz): § (ppm) 11.34 (s, 2H), 8.51 (s, 2H),
7.60 (m, 4H), 7.44 (m, 4H), 7.25 (m, 2H), 3.09 (m, 2H), 2.18
(m, 2H), 1.65 (m, 1H), 1.47 (q, 2H, ] =7.2Hz), and 1.05 (t,
3H, ] =7.2 Hz).

N-((E)-((E)-5-(tert-Butyl)-2-chloro-3-((phenylamino)methy-
lene)cyclohex-1-en-1-yl)methylene)benzenaminium  chloride
(11c): violet solid. Yield: 75% (2.99 g). M.p.: 217-219°C; FTIR
(cm™): 3060, 2952, 2874, 1607, 1571, 1469, and 1267. 'H
NMR (DMSO-d,, 400 MHz): § (ppm) 11.40 (s, 2H), 8.52 (s,
2H), 7.58 (m, 4H), 7.46 (m, 4H), 7.27 (m, 2H), 3.06 (m, 2H),
2.14 (m, 2H), 1.47 (m, 1H), and 1.05 (m, 9H).

2.2.4. Carboxy Heptamethine Cyanines (12-14). In a round-
bottomed monotubulated amber flask, 20 ml of isopropanol
was added and subsequently closed with a septum. Then,
N, was bubbled through the isopropanol for 15min. After
bubbling with nitrogen, compound 11a (0.18 g, 0.5mmol),

CH,COONa (0.12g 1.5mmol), and indole 5 (0.51g
1.5 mmol) were added. The reaction mixture was kept at
reflux, under N, atmosphere for 18 h. At the end of the reac-
tion, the solvent was evaporated under reduced pressure. The
obtained solid was purified by washing with 150 ml of dichlo-
romethane, carried out in an ultrasound bath for 30 min.
After 12 hours, this washing process was repeated 4 times.
The obtained solid was filtered through filter paper and
washed with 40 ml distilled water followed by 15ml ethyl
ether. Then, the obtained solid was filtered through filter
paper and dried under vacuum. A similar procedure was per-
formed for obtaining the compounds 13 and 14 using the
intermediates 11b and 11c, respectively.

5-Carboxy-2-((E)-2-((E)-3-(2-((E)-5-carboxy-1,3,3-tri-
methylindolin-2-ylidene)ethylidene)-2-chloro-5-methylcyclo-
hex-1-en-1-yl)vinyl)-1,3,3-trimethyl-3H-indol-1-ium  iodide
(12): green solid. Yield: 52% (0.18 g). M.p.: 257-259°C. FTIR
(em™): 3423, 3052, 2966, 2878, 1704, and 1548. '"H NMR
(DMSO-dg, 400 MHz): & (ppm) 827 (d, 2H, ] = 16.0 Hz),
8.14 (s, 1H), 8.02 (d, 2H, J = 12.0 Hz), 7.52 (d, 2H, J = 12.0
Hz), 6.37 (d, 2H, ] =12.0Hz), 3.71 (s, 6H), 2.96 (m, 2H),
220 (m, 2H), 193 (m, 1H), and 1.69 (s, 12H), 1.16 (d,
3H, J=8.0Hz). °C NMR (DMSO-d,, 100 MHz): § (ppm)
173.9, 167.3, 148.9, 146.9, 143.8, 141.6, 131.0, 127.7, 127.6,
123.7,111.7, 103.5, 49.1, 34.0, 32.4, 27.7, 27.6, and 21.3.

5-Carboxy-2-((E)-2-((E)-3-(2-((E)-5-carboxy-1,3,3-tri-
methylindolin-2-ylidene)ethylidene)-2-chloro-5-ethylcyclohex-1-
en-1-yl)vinyl)-1,3,3-trimethyl-3H-indol-1-ium iodide (13): green
solid. Yield: 57% (0.20 g). M.p.: 251-254°C. FTIR (cm™): 3423,
3052, 2966, 2869, 1704, and 1557. 'H NMR (DMSO-d,,
400 MHz): § (ppm) 8.27 (d, 2H, J=12.0Hz), 8.13 (s, 1H),
8.01 (d, 2H, J = 8.0 Hz), 7.51 (d, 2H, J = 8.0 Hz), 6.39 (d, 2H,
J=12.0Hz), 3.71 (s, 6H), 2.97 (m, 2H), 2.21 (m, 2H), 1.68 (s,
12H), 149 (m, 2H), and 1.04 (t, 3H, J = 8.0 Hz). °C NMR
(DMSO-d,, 100MHz): § (ppm) 173.9, 167.3, 149.0, 146.9,
143.9, 141.6, 131.0, 127.7, 127.6, 123.7, 111.7, 103.4, 49.1, 33.8,
323, 31.9,28.2,27.6 (2C), and 11.9.

2-((E)-2-((E)-5-(tert-Butyl)-3-(2-((E)-5-carboxy-1,3,3-tri-
methylindolin-2-ylidene)ethylidene)-2-chlorocyclohex-1-en-1-
ylvinyl)-5-carboxy-1,3,3-trimethyl-3H-indol-1-ium  iodide
(14): green solid. Yield: 53% (0.20g). M.p.: 260-265°C. FTIR
(cm™): 3432, 3034, 2966, 2878, 1695, and 1557. "H NMR
(DMSO-d,, 400 MHz): § (ppm) 8.28 (d, 2H, J = 12.0 Hz),
8.12 (s, 1H), 8.01 (d, 2H, J = 12.0 Hz), 7.50 (d, 2H, ] = 6.0
Hz), 6.39 (d, 2H, J=12.0Hz), 3.72 (s, 6H), 2.96 (m, 2H),
2.19 (m, 2H), 1.69 (s, 12H), 1.49 (m, 1H), and 1.05 (s, 9H).
C NMR (DMSO-d,, 100MHz): § (ppm) 173.9, 167.3,
149.0, 146.9, 143.9, 141.6, 131.0, 128.4, 127.5, 123.7, 111.7,
103.2, 49.2, 32.7, 32.3, 29.9, 27.7, and 27.6.

2.3. Theoretical Calculations. Theoretical calculations were
done using Density Functional Theory (DFT) and Time-
Dependent Density Functional Theory (TD-DFT) with
Gaussian 16 RevA.03 [23] program. The structures of the
ground (S,) and first excited singlet (S,;) states were opti-
mized using the M06-2X functional [24] and 6-31G(d,p)
basis set [25]. This functional was selected after a bench-
marking against the experimental values of absorption and
emission maxima wavelengths. Yet, previous works have
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TaBLE 1: Experimental conditions for the study of coadsorption of deoxycholic acid (DCA) and cyanine 13 as a model in methanol solutions

on TiO, mesoporous layer.

Methodology Type Conditions

#1 Dye concentration: 5.0 mM; DCA concentrations: 2, 6, 20, and 40 mM; TiO, temperature:
80°C; adsorption time: 24 h

# Dye concentration: 5.0 mM; DCA concentrations: 2, 6, 20, and 40 mM; TiO, temperature:

) 22°C; adsorption time: 24 h
One-step adsorptlon . . .

#3 Dye concentration: 5.0 mM; DCA concentrations: 2, 6, 20, and 40 mM; TiO, temperature:
22°C; adsorption time: 1 h

#4 Dye concentration: 0.1 mM. DCA concentrations: 2, 6, and 20 mM; TiO, temperature:
22°C; adsorption time: 1 h

45 Two-step adsorption First step: DCA concentrations—2, 6, and 20 mM; Second step: dye concentration—0.1 mM;

TiO, temperature: 22°C; adsorption time: 1 h

pointed out the efficiency of hybrid functionals with ~50% of
the Hartree-Fock exchange to simulate the electronic spectra
of cyanine dyes, with average errors of 0.29 eV for the M06-
2X functional [26-28]. The minimum energies structures
were verified by vibrational analysis. Vertical absorption
and emission energies were computed at the M06-2X/6-
311+G(d,p) level of theory. The solvent effects were included
by applying the integral equation formalism of the polariz-
able continuum model (IEF-PCM) [29-31] using methanol
and N,N,-dimethylformamide (DMF) as solvents. To analyze
the character of the excitations, natural transition orbitals
(NTOs) [32] were obtained at the same level of theory using
the Gaussian 16 program. For insights on the power conver-
sion efliciency of DSSC devices, we also calculated the
HOMO-LUMO band gaps, ESP (electrostatic surface poten-
tial) analysis using charges derived from potential (ChelpG),
and light harvesting efficiency (LHE) from DFT/TD-DFT
calculations.

2.4. DSSC Preparation. The TiO, paste was screenprinted on
the transparent conductive substrate (fluorine-doped tin
oxide, FTO) previously soaked in a 40mM TiCl, aqueous
solution at 60°C for 30 minutes. The substrate was heated
on a hot plate at 125°C for 20 min and at 450°C for 30 min
in a tubular oven. The mesoporous TiO, electrode was
immersed in 0.1 mM of 13 and kept at room temperature
24h (see Section 2.6). The counterelectrodes were prepared
by coating the FTO surface with 30 yl of 1 mM hexachloro-
platinic acid and heated at 500°C. The mediator, responsible
for the regeneration of the dye, was placed in between the
dye-sensitized photoanode and the counterelectrode. The
device was sealed using a polymeric film of low melting
temperature (Meltonix). The electrolyte was a 0.6M
BMII, 0.03M I,, 0.10M guanidinium thiocyanate, and
4-tertbutylpyridine (0.5M) in a mixture of acetonitrile and
valeronitrile. Additional information for the anode and cath-
ode preparation can be found as supplementary material.

2.5. Coadsorption Study. Five different methodologies of
adsorption on the mesoporous TiO, films were proposed
and evaluated (1-5) using compound 13 as a model
(Table 1). In this study, the aggregation effect was evaluated
taking the intensity of the H-aggregate absorption band
located at around 700 nm into account (Figure 1).

2.6. Electrical Characterization of the Assembled Devices.
Electrical current versus electrical potential curves (I — V)
were acquired within the range of -0.2V to +1.1 V with sev-
enteen different voltage levels (mean interval of 75mV) to
characterize the DSSCs. The experiments were carried out
using a xenon lamp of 300 W, with an incident light intensity
of 100 mW-cm™, fed by a source model 66485 using a filter
AM1.5 and a picoammeter Keithley model 2410-c. Light
intensity was measured by using a photodiode model
71648-71608.

3. Results and Discussion

3.1. Synthesis. The carboxy heptamethine cyanine dyes 12-14
were prepared as presented in Scheme 1. The heterocyclic
compound 3 was prepared according to the literature [33].
Initially, 4-hydrazinobenzoic acid (1) reacted with 3-methyl-
butan-2-one (2) under reflux to obtain the intermediate com-
pound 2,3,3-trimethyl-3H-indole-5-carboxylic acid (3) by
Fischer cyclization [34]. Then, 3 was alkylated with iodo-
methane (4) in a nitrogen atmosphere to obtain the quater-
nized indole 5.

Pentamethinic salts 1la-c were synthesized from an
adapted methodology already described in the literature
[35]. The methodology consists of two steps, employing a
formylating system containing the respective hexanones 6-8
and POCl/DMF/PhNH,"CI". In the first step, there is the
formation of the Vilsmeier-Haack reagent through the slow
addition of POCI, in DMF under an ice bath, which gener-
ated a reddish solution evidencing the formation of chlorine
ion. Then, the respective cyclohexanone was added under an
ice bath. In the second step, an alcoholic solution of aniline
was added to the reaction mixture at room temperature and
left under stirring in an acidic medium. The compounds
11a-c were obtained with crude yields between 58 and 75%.

The synthetic method for obtaining the desired com-
pounds 12-14 occurs similar to the Knoevenagel condensa-
tion, but in this case, the condensation reactions take place
between the bis iminic pentamethine salts 11a-c with com-
pound 5 using sodium acetate as the base and isopropyl alco-
hol (HPLC grade) as the solvent under reflux (Scheme 1). To
minimize the photooxidation processes that can be prejudi-
cial to the stability of these structures [36], the synthesis
was performed in the dark with the use of amber glassware
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ScHEME 1: Synthesis of heptamethine cyanines 12-14, where (i)
CH,COOH/reflux; (ii) CH,CN/56°C, (iii) 1: DMF, 0-110°C, 2:
aniline/EtOH, 0°C; (iv) dark, N,, i-PrOH, CH;COONa/reflux.

and under N, atmosphere. The final compounds were
purified by precipitation and obtained in moderate yields
(~50%). The spectroscopic characterization was performed
for all intermediates and final compounds and is presented
as supplementary material.

3.2. Photophysical Characterization. The UV-Vis absorption
spectra of the heptamethine dyes 12-14 in the solution are
shown in Figure 2. The relevant data from the photophysical
characterization are summarized in Table 2. The compounds
12-14 present absorption maxima located in the NIR region,
between 784 and 797 nm. The molar absorptivity coefficient
values (¢ ~105cm™" - M™!) indicate allowed electronic tran-
sitions, which could be related to '77r * transitions. For con-
jugated systems, these transitions are associated with a small
optical band gap (E‘;Pt ~1.4eV) between the HOMO and

LUMO orbitals compared to chromophores that absorb in
the Vis-NIR region.

The shape of the absorption bands in Figure 2 indicates
an influence of vibrational and intermolecular interactions.
The decrease of vibrational interactions leads to a narrowing
of the absorption band, while the increase of intermolecular
interactions leads to an enlargement of the absorption band.
A less intense absorption band was observed around 720 nm.
Although, according to the literature, this peak could be
related to the formation of H-type aggregates [16, 20, 22,
37], its intensity suggests that, in this case, this band seems
to be related to S,—§, electronic transitions. In fact, the for-
mation of these aggregates in solution could be related to the
lower solubility of these compounds in more polar solvents,
leading to the formation of self-organized structures allowed
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FIGURE 2: Normalized (a-c) Vis-NIR and (d-f) fluorescence emission spectra in solution (10° M) of the carboxy heptamethine dyes 12-14.

TaBLE 2: Photophysical data of compounds 12-14 in solution, where A and A, are the absorption and emission wavelengths, respectively;
(x10%) is the molar absorptivity coefficient, Adg; is the Stokes shift; and E;Pt is the optical bandgap.

Dye Solvent A (nm) e (Mem™) Ao (nM) Mgy (nm/cm™) EP (eV)
1 DME 797 1.13 805 8/125 1.45
CH,O0H 787 2.46 793 6/96 1.48
13 DME 796 1.09 800 4/63 1.45
CH,O0H 785 3.16 794 9/144 1.48
14 DME 797 1.39 805 8/125 1.48
CH,OH 784 3.22 793 9/145 1.45

by van der Waals interactions, hydrogen bonds, or hydro-
phobic interactions [16, 19].

In order to better characterize their photophysics, emission
spectra were obtained from both absorption bands (~720 nm
and ~800 nm) indicating similar location with different intensi-
ties, as expected by Kasha’s rule (Figures S28-S30). In addition,
the respective excitation spectra (Figures S31-S33) also
presented a similar shape and location if compared to the
UV-Vis spectra, which corroborates with the expected
So—S, for the absorption band around 720 nm.

The fluorescence emission spectra of compounds 12-14
present emission maxima located between 793 and 805 nm.
As expected, very small Stokes shifts were computed for these
compounds (below 10nm experimentally; 25nm theoreti-
cally) due to their symmetrical nature and rigidity. These
small Stokes shifts are supported by the very small change
in the molecular geometries going from the ground to
the first excited state and by the localized character of this
pp * transition.

The photophysical behavior of compounds 12-14 was
also evaluated in the solid state by absorption and fluores-
cence emission spectra (Figure 3), for the dyes adsorbed on
the TiO, mesoporous films (guest-host system). This investi-
gation is of great importance to evaluate the potential of these

compounds for application in dye-sensitized solar cells. The
studied compounds showed outstanding adsorption on
TiO,, which can be justified by the presence of carboxyl moi-
eties, known as good anchoring groups [38]. A very broad
absorption band with maxima located in the near-infrared
region is observed between 794 and 804 nm. This absorption
band presents the full width at half maximum (FWHM)
around 180nm (213nm (12), 185nm (13), and 167 nm
(14)) when compared to the results in methanol (53 nm
(12), 51nm (13), and 50nm (14)) or DMF (112nm (12),
105nm (13), and 119nm (14)) solution. Additionally, an
intense blue-shifted band was found between 724 and
731 nm, different than what was observed in the solution
and probably related to the formation of type H-aggregates,
favored by a large number of molecules on the surface of
TiO,. It is worth mentioning that the formation of H-
aggregates can be a major disadvantage when the application
to solar cells is envisaged. The strong aggregation of these
molecules can lead to a drastic decrease of electron injection
in the TiO, conduction band, reducing the conversion effi-
ciency of solar cells [20]. However, despite the presence of
such aggregates, the broad absorption band in the solid-
state is very important for sensitization of semiconductors
and subsequent application in solar cells sensitized by
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organic dyes, since a broader absorption range results in an
optimized photon collection and, consequently, in a greater
generation of electron-hole pairs and higher efficiency in
converting light into electrical current. Additionally, the
emission spectra of compounds 12-14 show a complete fluo-
rescence quenching (Figure 3, insert).

The transmittance spectra of TiO, films sensitized by
compounds 12-14 are also presented in Figure 3, where it is
possible to observe the very low transmittance (~12%) in
the region between 540 and 895 nm, followed by the increase
of the transmittance (up to 80%) between 485 and 535nm,
which can be related once again to the significant adsorption
of these compounds on TiO,. Based on the solid-state results
presented so far, it can be observed that the H-aggregates are
present, which can impair the efficiency of solar cells pre-
pared with these compounds. To minimize the formation
of H-aggregates of compounds 12-14 on the surface of
TiO,, a coadsorption study was performed with deoxycholic
acid (DCA). DCA is sterically bulky, and for this reason, it is
expected to hinder the H-aggregation formation [20]. In this
way, five different methodologies of adsorption on the meso-
porous TiO, films were proposed and evaluated using com-
pound 13 as a model (Table 1). In this study, the
aggregation effect was evaluated taking the intensity of the
H-aggregate absorption band located around 700 nm into
account (Figure 1). It is worth mentioning that, based on
the original data (not shown, see supplementary material
Figures S34), signal saturation was discarded in Figures 1(a)
and Figures 1(b) (2 and 6 mM DCA) and Figure 1(c)
(2mM DCA). This result clearly indicates that aggregation
influences the shape and intensity of the solid-state UV-Vis
spectra of these compounds. Additionally, based on the
absorbance intensities, a higher dye loading could be
obtained at 20 mM DCA for #1, #2, #4, and #5 and 6 mM
DCA for #3.

DRUV spectra obtained from the first used methodology
(#1) show that a small concentration of coadsorber (2 mM)
results in the formation of an absorption band located at
higher energy, attributed to H-aggregates, which present
the same intensity of the absorption band related to the
monomeric form related to the cyanine dye (Figure 1(a)). A
similar result was observed using 6 mM DCA. At higher
DCA concentrations (20mM and 40mM), a significant
decrease in the intensity of the absorption band related to
H-aggregates is observed, indicating more efficient aggrega-
tion suppression. Due to the strong interaction between these
cyanine dyes, probably by 7z-stacking, the total suppression of
the aggregation was not observed at the studied DCA con-
centrations. By comparing Figures 1(a) and 1(b), the evolu-
tion of absorption spectra along with the increase in DCA
concentration is similar for methods #1 and #2, and changes
in the TiO, temperature during adsorption is found to not
play a significant role in the aggregation suppression. Based
on these results, the adsorption temperature was fixed at
22°C to the next methodologies. In methodology #3, the
influence of the adsorption time on the formation of aggre-
gates is clearly observed by the significant decrease in the
absorption band at 724nm (Figure 1(c)). Based on studies
described in the literature about the formation of H-

Normalized DRUV

500 600 700 800 900

Wavelength (nm)

— #1 — #4
— #2 #5
#3

FIGURE 4: Normalized solid-state absorption spectra of dye 13
obtained from the different adsorption methodologies (#1-#5),
where #1: dye concentration—5.0 mM, DCA concentrations—20
or 40 mM, TiO, temperature—80°C, and adsorption time—24h;
#2: dye concentration—5.0mM, DCA concentration—40 mM,
TiO, temperature—22°C, and adsorption time—24h; #3: dye

concentration—5.0mM, DCA  concentration—40mM,  TiO,
temperature—22°C, and  adsorption  time—1h; #4: dye
concentration—0.1mM, DCA  concentration—20mM,  TiO,

temperature—22°C, and adsorption time—1h; #5: first step: DCA
concentration—20 mM and second step: dye concentration—0.1 mM,
TiO, temperature—22°C, and adsorption time—1 h.

aggregates in heptamethine cyanines [16, 20, 22], the concen-
tration of 13 was fixed at 0.1 mM. Due to the low dye loading
on TiO, when using the reduced concentration of cyanine
(0.1mM) and 40 mM of DCA, for methodologies #4 and
#5, only solutions containing 2, 6, and 20mM DCA were
studied. Figure 1(d) shows this unlike what was earlier
observed for #1, #2, and 3# when using methodology #4.
DCA concentration plays a very important role in the forma-
tion of H-aggregates, where the lowest aggregate formation
was observed using 20 mM DCA. To reduce the competition
between the cyanine dye and DCA molecules for active sites
in the TiO, surface, a fifth methodology was proposed. As
one can observe, the DRUV spectra from #5 using 2 and
6 mM of DCA are similar. However, at higher concentrations
of DCA (20 mM), the decrease in absorption band related to
the H-aggregates is very significant. These results show that a
good compromise between the lowest proportion of the H-
aggregate and the best homogeneity of sensitization was
obtained using one hour of adsorption, 0.1 mM dye concen-
tration, and 20 mM DCA concentration (Figure 4).

3.3. Theoretical Calculations

3.3.1. Natural Transition Orbitals and Structural Parameters.
From the theoretical calculations, it was possible to confirm
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FIGURE 5: Natural transition orbitals for the vertical transitions S)—S, and S,—S, involving the ground and first excited states of cyanine

12 in PCM/methanol.

that the lowest-energy electronic transition S,—S, is domi-
nated by HOMO to LUMO and has a 77 * character, as
depicted in Figure 5 for cyanine 12. The natural transition
orbitals, NTOs, associated to this transition show that the pair
hole/particle, which, in this case, is identical to HOMO (hole)
and LUMO (particle), is mainly delocalized in the central part
of the molecule, comprised between the two heterocyclic rings.
Similar behavior was observed for the other studied cyanines
(Figures S24-S25). A large oscillator strength (Table S1) and
strong overlap between the frontier orbitals involved in this
transition were also observed, suggesting an electronic
excitation of localized character. Table S1 also shows
absorption and emission maxima wavelength obtained with
TD-DFT. No significant differences on these values were
observed by changing the alkyl group attached to the central
ring, in accordance with the experimental results. This result
is expected since the change in the R groups does not have a
significant impact in the molecular geometry and the R group
is not directly involved in the lowest-energy electronic
transition. Yet, no significant change in the vertical electronic
transitions was observed by changing the solvent from
methanol to DMF, which was expected since both solvents
have similar dielectric constants and the PCM model is not
able to describe the effect of hydrogen interactions. In fact, the
experimental results confirmed that the protic solvent has a
very small effect on the UV-Vis spectra in the liquid phase. It
is worth mentioning that the vertical transitions obtained with
MO06-2X functional are within the average margin of error
obtained for cyanine dyes computed with TD-DFT [26]. For
the studied cyanines, an average error of 0.13eV and 0.08eV
was found for the S; and S,, respectively, when compared to
the experimental values.

As can be seen in Figure 6 using compound 13 as a
model, S, and S, optimized geometries are planar and sym-
metrical. For the other cyanines studied, see Figures S26-
S27. Although very small, the main differences between the
So and S, are observed in the alternated single-double bond
lengths, due to the character of the electronic transition.
Since this transition does not involve the carbonyl group,
the C-O bond length is preserved. The very mild difference

between these two states is also reflected in the subtle
change in the dipole moment (Table S1), supporting the
localized character of the transition and the lack of solvent
effect on the lowest electronic transitions.

The structural parameters for dyes 12-14 are listed in
Table $3. Apart from <C10C9C20C21, which involves a sp’
carbon atom, all the remaining dihedral angles listed in the
table are nearly 180 degrees, meaning that the molecules
present a high degree of planarity in both S, and S, states.
Yet, the molecules present a high degree of delocalization
through its 7 system, as evidenced by the bond length
pattern in the conjugated system. Thus, the donor, acceptor
groups, m-bridge, and anchor groups (-COOH) are
coplanar, which would enhance the delocalization of =
electrons and, thus, the intramolecular electron transfer
through it. As can be seen from the frontier molecular
orbital plots and confirmed by the ESP maps (Figure 7), the
So to S, excitation has a local character (which is reflected
in the bond length pattern change), without any evidence of
charge transfer.

3.3.2. Energy Levels and Charge Separation. The calculated
energy levels of HOMO, LUMO, and band gap are presented
in Table S2. The energy level diagram is presented in
Figure 8. It is worth noticing that the calculated HOMO
and LUMO energy levels are very sensitive to the method
(basis set and functional) and can be very inaccurate due to
the electron self-interaction error in DFT, providing LUMO
energies with nonphysical meaning. A more accurate way
to obtain HOMO-LUMO energies is using the vertical
ionization potential (IP) and electron affinity (EA). This
procedure is known as the ASCF approach [39]. In this
approach, the HOMO and LUMO energies are obtained
using the electronic energies of the neutral (M), cation
(M™), and anion (M") according to the following [40]:

IP = E(M") - E(M), (1)

EA = E(M) - E(M"). (2)
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FIGURE 6: Optimized geometries for the (a) ground and (b) first excited states of cyanine 13 in PCM/methanol. A merged view (S, and S;) was
presented for comparison.
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Thus, the IP and EA are directly related to HOMO and
LUMO energies by Koopmanns’ theorem through the
relations IP =-E ove and EA=-E juo- Due to the

TaBLE 3: Electrochemical properties of compounds 12-14, where

E9%t is the onset potential of oxidation, EX% is the onset

potential of reduction, IP (HOMO) is the ionization potential, EA
(LUMO) is the electron affinity, and E;l:p is the electrochemical

bandgap.

12 13 14
EOe (V) 0.360 0.350 0.480
Eo%et (V) -0.51 -0.55 -0.54
IP (HOMO) (eV)* -4.80 -4.79 -4.92
EA (LUMO) (eV)® -3.93 -3.89 -3.90
E¥ (eV) 0.87 0.90 1.02

82p
*Calculated using Equation (1); *calculated using Equation (2).

approximations in the exchange-correlation functionals,
this theorem can be no longer valid at the DFT level, ie.,
the IP and EA are not truly equivalent to the HOMO
and LUMO Kohn-Sham orbital energies, respectively.
Therefore, in this work, the band gap is calculated taking
the difference between EA and IP. Using this procedure, we
have obtained a very good agreement with the optical gap
(Agpy)s Le., the lowest vertical excitation calculated by TD-
DFT. On the other hand, the energy gap is overestimated
when determined directly from HOMO and LUMO
energies provided by DFT calculations (Kohn-Sham gap).
This discrepancy suggests that a simple estimate of the
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FIGURE 9: (a) Cyclic voltammogram of a glassy carbon electrode in 0.1 TBAPF/CH,Cl, at 100mV-s™" of cyanine dyes 12-14. Inset:
voltammogram of ferrocene. (b) Energy diagram of TiO,, cyanine 13, and the electrolyte I'/I;".

excited state energy using the Kohn-Sham eigenvalues for
HOMO and LUMO is not appropriate for dyes 12-14.

Another way to obtain the energy levels is by comput-
ing the excited state (corresponding to the LUMO energy)
as a sum between the ground state energy (HOMO energy)
and the optical gap (4,,) according to the following
expression [41, 42]:

Edye* = Edye + Aopt' (3)

For dyes 12-14, the optical gap is equal to 1.70eV.
Thus, following the expression above, the calculated LUMO
energy is -4.76eV (see Table S2). Although the calculated
energy gaps are bigger than the experimental values
provided in Table 3, a very good agreement is observed
for the EA energies. These LUMO energies are slightly
above the experimental anatase conduction band (CB)
minimum (-4.00eV) [43]. This would lead to the electron
injection from excited dye molecules into the TiO, CB.
The calculated and experimental values obtained for the IP
(HOMO energies) are more negative than the I"/I;~ redox
potential (-4.6eV) [44]. Thus, theoretically the relative
position of HOMO and LUMO energy level in the dyes 12-
14 would ensure an injection of the electrons in the TiO, CB
and efficient dye regeneration. The similar energy gaps and
HOMO-LUMO  energies indicates a similar electron-
injection and regeneration for the three dyes considered in
this work.

3.3.3. Light Harvesting Efficiency (LHE). Light harvesting effi-
ciency (LHE) is another important factor that determines the
efficiency of a DSSC. It can be determined by [45]

LHE=1-10"=1-107, (4)

where f is the oscillator strength corresponding to the
absorption energy of the dye. From this relation, is clear that
higher oscillator strength implies larger LHE values and higher
photocurrent. The LHE values obtained from TD-DFT calcu-
lation are presented in Table S2. As a consequence of the larger
oscillator strengths, LHE values are very close to the unity,
indicating an efficient photocurrent.

3.4. Electrochemical Characterization. To determine experi-
mentally the relative position of the energy levels of the stud-
ied cyanine dyes 12-14, cyclic voltammeters were performed
in the solution (Figure 9). The relevant data from this inves-
tigation are summarized in Table 3. The HOMO and LUMO
energy levels of 12-14 were determined by the ionization
potential (IP) and electron affinity (EA), respectively, which
could be correlated with electrochemical processes accessed
by CV, where the potentials were standardized with a Fc/Fc*
couple. The IP and EA values were calculated using the fol-
lowing empirical equations [46]:

IP = —(Egy™ + 4.44) eV,

oxi

(5)

EA = —(E}y" +4.44) eV,

where EX% and EX are the oxidation and reduction
onset potentials, respectively.

Through the comparative analysis of the voltammograms
(Figure 7(a)) and the data presented in Table 3, it is possible
to observe that these results are not satisfactory since, consid-
ering the small difference between the averaged values of
their reduction potential (~-0.53V) and the edge value of
the TiO, conduction band (0.5V), recombination processes
can be favored. Based on the oxidation potential values
obtained for compounds 12-14, it can be observed that they
are not favorable for an efficient process of dye regeneration
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FIGURE 10: ] vs. V curves from DSSCs sensitized with cyanines
12-14. The inset shows the J vs V curve from the device
assembled with 13 without the coadsorption of DCA.

by the electrolyte when composed of an I°"/I" (0.4 V) redox
pair (Figure 9(b)).

3.5. Photoelectrochemical Characterization. Photophysical
studies presented in Figure 5 have shown that method #5
was the most efficient approach allowing high dye loading
and low H-aggregation; hence, DSSCs were assembled using
this method to absorb compounds 12, 13, and 14 and to
coadsorb DCA (Figure 10). For comparison, a DSSC using
compound 13 was assembled without DCA (Figure 10,
insert). One can observe that the compounds 12, 13, and 14
result in DSSCs with similar electrical behaviour and effi-
ciency (Table 4), which is expected once the compounds
present very similar structures (Scheme 1). The results also
show that the methyl, ethyl, and tert-butyl groups present
on the cycloalkene do not affect significantly either dye load-
ing or dye aggregation. Indeed, the presence of DCA as a
coadsorber has efficiently affected the electrical parameters
and the efficiency of the DSSCs. The short circuit current
density (Jsc) (0.28 mA-cm™) and conversion efficiency (1)
(0.07%) values, although low, show a significant improve-
ment if compared to those obtained for the devices assembled
without the coadsorber (0.0072 mA-cm2). The gain in DSSC
performance is related to the decreased formation of H-
aggregates, by the simultaneous use of deoxycholic acid as a
coadditive, as observed in Figure 5 [16, 20, 22].

The low values of Jsc and # can be attributed to two main
factors: (i) low dye concentration on the TiO, surface and (ii)
the similar oxidation potential values of compounds 12-14
obtained for the edge of the TiO, conduction band, this latter
being a facilitator for recombination processes. As one can
observe, the introduction of DCA dramatically decreases
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TaBLE 4: Electrical parameters and efficiency of solar cells sensitized
with compounds 12-14, where Jsc is the short circuit current density
(mA-cm?), Voc is the open circuit voltage (V), FF is the fill factor
(%), and 7 is the conversion efficiency (%). The measurements
were carried out under one sun (100 mW-cm™2) using AML.5 filter.

Device ~ Compound Jsc Voc FF n

1 12 0.28 0.41 64 0.07

2 13 0.28 0.41 64 0.07

3 14 0.29 0.41 62 0.07

4 13 72x107° 017 32 0.02x107°

*Without DCA.
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FiGure 11: Plot J vs V of devices at different TiO, film thicknesses
(black) 5um (1 layer), (red) 12 ym (2 layers), and (green) 16 ym
(3 layers) prepared by methodology #5.

resistance in series and increases resistance in parallel, which
is an important finding for the present system once both Rg¢
and R, contribute to fill factor degradation [47].

The influence of the TiO, film thickness on the efficiency
of the devices was also evaluated. To carry out this study,
devices with TiO, films with different thicknesses (5, 12,
and 16 micrometers) were assembled. The scanning electron
microscopy images show that the average thickness of the
films already sintered was about 5um for 1 layer, 12 ym for
2 layers, and 16 um for 3 applied layers of colloidal solution
of TiO, nanoparticles (Figures S35). Figure 11 shows the
current vs. potential curves for devices assembled with 1 up
to 3 layers of TiO, nanoparticle colloid solution with 5-6
micrometers each and by applying the methodology #5 for
sensitization.

The performance of devices assembled with 1 and 3
layers shows that the FF and Voc values are affected by the
thickness of the films (Table 5), while the Isc values seem
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TaBLE 5: Electrical and efficiency parameters of solar cells with
different thicknesses of the TiO, films, where Isc is the short
circuit current density (mA-cm?), Voc is the open circuit voltage
(V), FF is the fill factor (%), and 7 is the conversion efficiency (%).
The measurements were carried out under one sun (100 mW-cm™)
on masked cells (active area 0.19 cm?).

TiO, thickness (um) Isc Voc FF n

5 0.21 0.35 32 0.02
12 0.28 0.41 64 0.07
16 0.29 0.34 31 0.01

not to be affected by the TiO, thickness. Moreover, the device
with a 5 ym layer seems to indicate a higher resistance in par-
allel, generated by an existing recombination mechanism. In
addition, the shape of the curves and the decrease in the FF
and Voc values obtained for devices with 1 and 3 layers indi-
cate that their thickness makes devices subject to higher resis-
tance in series.

4. Conclusions

In this study, cationic carboxy heptamethine cyanines were
synthesized with good yields. The photophysical characteri-
zation in methanol and DMF was performed in both ground
and excited states using UV-Vis absorption and fluorescence
emission spectroscopies and TD-DFT/PCM calculations.
The obtained compounds showed absorption and emission
in the Vis-NIR regions in the solution. The photophysical
characterization in the solid state indicated that these com-
pounds presented excellent adsorption on TiO,, which can
be justified by the presence of the carboxylic groups. The
decrease of H-aggregate formation was observed by the
addition of deoxycholic acid as a coadsorbent. The systematic
study carried out to suppress aggregation of these dyes in the
solid state allowed us to obtain an optimized methodology
for sensitizing TiO, with the lowest number of H-
aggregates. Cyclic voltammetry indicates that the LUMO
values of the obtained cyanines are close to the edge of the
TiO, conduction band. However, the HOMO and LUMO
of the cyanines respect the relative positions of the energy
levels for allowing charge electrotransfer to occur. Finally,
the application of the studied compounds as sensitizers for
TiO, in DSSCs showed their ability to contribute to the con-
version of light into electrical energy. Additionally, when
DSSCs were made by applying deoxycholic acid with com-
pound 13 simultaneously, in the sensitization of TiO, films,
there was a considerable increase in the conversion efliciency,
short circuit current density, open circuit voltage, and fill
factor values.
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To prepare the transparent solid film of layered double hydroxide, the filtration-film transfer (FFT) method using LDH nanosheet
colloidal suspension was investigated. It was found that the homogeneous LDH solid film with enough transparency in the visible
light range could be prepared by the FFT method. Moreover, anionic pyrene (Pyr~) molecules could be incorporated into the
transparent LDH solid film by immersing in anionic pyrene solution. From both absorption and emission spectra of the
transparent Pyr /LDH solid film, Pyr~ incorporated in the LDH solid film formed aggregates and mainly showed the strong
excimer emission. Additionally, the luminous response of the transparent Pyr /LDH solid film was investigated in ethanol-
toluene mixed solution with various toluene contents. As results, the ratio of luminescence intensities from static excimer and
monomer of incorporated Pyr~ molecules depended on the toluene content, and excimer emission decreased with an increase in
the toluene content. This luminous response can be caused by an increase of the monomeric Pyr~ species, because Pyr~
aggregates are broken by adsorption of toluene molecules into the LDH interlayer space. The obtained transparent hybrid film

may be useful as a detectable material of toluene in solvent by luminous change.

1. Introduction

Layered double hydroxide (LDH), which has crystal structure
stacked brucite-like metal hydroxide layer with positive
charges and anion species alternatively, is one of anion
exchangeable inorganic layered materials, and its general
chemical formula is [M**,_ M** (OH),](A"),,,, where
M>" is the divalent cation, M" is the trivalent cation, A™ is
the n-valent interlayer anion, and x is the amount of trivalent
cation, respectively [1-3]. It is well known that various
anions such as anionic functional dyes can be intercalated
into the LDH interlayer space by anion-exchange reaction.
Then, it can be expected that the anionic functional dyes
intercalated in the interlayer space show the unique
photophysical and/or photochemical properties, which differ
from those properties observed in bulk solutions. Thus, many
researchers have reported the intercalation of the functional

dyes into the interlayer space of LDH, and then the photo-
physical and/or photochemical properties of functional dyes
in LDH interlayer space have been also reported [4-8]. These
reports suggested that the materials hybridizing functional
dyes with LDH are one of promising material systems for
various functional devices such as sensor, light emitting
devices, display, and memory [9-14]. However, it is very
difficult to quantitatively characterize the details of photo-
physical and/or photochemical properties of the most of
reported hybrid systems, because the hybrid sample can be
prepared as powder in usual case. To understand the nature
of the functional dyes intercalated in the interlayer space of
LDH and the detailed mechanism of the photofunctional-
ities, the transparent film sample of these hybrid materials
will be required.

Some preparation techniques to obtain the transpar-
ent film consisting of layered materials such as casting,
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Langmuir-Blodgett (LB), and layer-by-layer (LbL) methods
have been already reported [15-18]. The casting method is
very easy, but it is difficult to prepare the film with high
uniformly and transparency. On the other hand, LB and
LbL methods can provide the film with good uniformly and
transparency. However, procedures of them are complicated,
and several spectrometric analyses will be disturbed by low
absorbance and/or emission intensity of the dye/layered
material hybrid films prepared by these methods because
of the small number of the layers in the film. Kawamata
and Takagi et al. succeeded to prepare the uniform trans-
parent thin film consisting of clay mineral and/or dye by
transfer of the clay mineral and/or dye residue, which
was obtained via filtration of those dispersion, on glass
substrate [10, 19, 20]. This method (filtration-film transfer
(FFT) method) is easy way, and the hybrid film, which have
enough transparency, absorbance, and emission intensity to
measure several spectroscopic techniques, consisting of dyes
an clay minerals can be prepared. We reported that the trans-
parent and uniform a-zirconium phosphate thin film can be
also prepared by the FFT method. To prepare the transparent
film of layered materials by the FFT method, the nanosheet
colloidal dispersion, which can be prepared by delamination
of layered compound by delamination reagent, is required
[21]. Iyi et al. reported on the preparation of LDH nanosheet
colloidal aqueous dispersion. Moreover, Iyi et al. succeeded
to prepare the transparent LDH film by simple evaporation
of LDH nanosheet aqueous dispersion and demonstrate the
ion-exchange reaction of this film [22]. However, it is easily
expected that it is hard to control the thickness and/or uni-
formly of the obtained film.

In this paper, we attempted to utilize the FFT method to
obtain the transparent LDH film. Then, anionic pyrene
derivative (pyrene-1-sulfonate, abbreviated as Pyr~), which
was used as photofunctional dye in this study, [23-25] was
intercalated into the interlayer space of the LDH film to
investigate the photophysical behavior of the anionic pyrene
in LDH. Furthermore, we investigated the luminous response
of the present film in ethanol-toluene mixed solution to
explore the possibility of the present transparent hybrid film
as a detectable material of toluene in solvent by luminous
change.

2. Materials and Methods

2.1. Materials. 1-Pyrenesulfonic acid sodium salt (Merck)
and layered double hydroxide (acquired from Kyowa chemi-
cal Industry, co., LTD.) were used as received. Stoichiometric
formula of carbonate type LDH is [Mg,Al (OH),](CO5), s.
Sodium chloride, acetic acid (AcOH), ethanol, sulfuric acid,
propionic acid (PrOH), and toluene were purchased from
Fujifilm Wako Pure Chemical Corporation and used as
received without purification. The glass substrate (cover
glass) was purchased from Matsunami Glass Ind., Ltd. The
glass substrate was sonicated with water for 30 min and then
treated in sulfuric acid overnight at room temperature. After
that, glass substrate was washed with enough water. All
water used within this work is Milli-Q water prepared by a
Direct-Q UV system (Merck Millipore).
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FIGURE 1: Flow chart of the experimental procedure to prepare the
Pyr”/LDH film.

2.2. Preparation of the Transparent LDH Only Film. Flow
chart of the experimental procedure to prepare the
Pyr /LDH film was shown in Figure 1. PrO™ type LDH was
prepared via decarbonation and ion-exchange reaction
according to literatures [22]. Obtained PrO~ type LDH
(40mg) was dispersed in 20mL of water to obtain LDH
nanosheet dispersion. 600 4L of obtained dispersion was fil-
tered through a PTFE membrane filter (poresize = 0.1 ym),
and the residue was transferred upon the glass substrate.
The obtained thin film was dried up under reduced pressure
condition overnight.

2.3. Preparation of the Pyr /LDH Film. Two pieces of the
LDH only film were immersed in EtOH (300 mL) in three-
neck separable flask, and solution was purged with nitrogen
gas to remove the CO,. The concentration of CO, in
exhausted N, gas was monitored with CO, meter (testo
535). 0.17 mL of AcOH was added in the flask, and solution
was stirred overnight under N, flow. The film was washed
with EtOH and then dried under reduced pressure condition,
and the AcO™ type LDH film was obtained. The AcO™ type
LDH film was immersed in Pyr~ EtOH solution (500mL,
5.1 x 107° M, corresponding to 2.5% versus anion-exchange
capacity of the LDH film) for 24 hours under N, flow. The
obtained hybrid film was washed with EtOH and dried
under reduced pressure condition. Amount of intercalated
Pyr~ was estimated from the decreased absorbance of
Pyr in immersion solution.

2.4. The Effect of the Toluene on Fluorescence Spectra of the
Pyr”/LDH Film. The Pyr /LDH film was immersed in mix-
ture of EtOH and toluene (concentrations of the toluene
are 0, 10, 30, 50, 70, 90, and 100%(v/v)) in quartz cuvette,
and then the film was set at 45° against the direction of the
excitation light source and the detector of emission to reduce
the incident light, which is reflected excitation light by the
film and substrate, to the detector. The top view of the setup
for emission measurement was shown in Figure 2.

2.5. Characterization. The absorption spectra, XRD patterns,
and FT-IR spectra were measured with V-750 (JASCO),
Mini-Flex II (RIGAKU), and FT-IR 6100 (JASCO), respec-
tively. The fluorescence and excitation spectra were exam-
ined through a fluorescence spectrophotometer (FP-6600,
JASCO).
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FIGURE 2: Top view of setup for emission measurement of the film
(top view).
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FIGURE 3: (a) Photograph of the LDH only film, (b) transmittance
spectra of the LDH only film (red line), and glass substrate
(black line).

3. Results and Discussion

3.1. Preparation of the LDH Only Film. In Figures 3(a) and
3(b), photograph and transmittance spectrum of the LDH
film prepared by the FFT method were shown, respectively.
From the photograph (see Figure 3(a)), the enough transpar-
ency of the obtained LDH solid film was visible. The trans-
mittance of the LDH film was higher than 55% in the range
of 350 to 800 nm as shown in Figure 3(b). These results indi-
cate that the transparent LDH solid film can be prepared by
the FFT method. Therefore, it is found that the FFT method
is one of useful and applicable techniques for preparing the
transparent solid film from LDH nanosheet suspension.

In Figure 4, the XRD patterns of the carbonate type
LDH powder, PrO™ type LDH powder and LDH only film
were shown.

In the XRD pattern of the LDH only film, the diffraction
lines from 001 plane could be observed at 11.2° (003) and
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FI1GURE 4: The XRD patterns of the (a) carbonate type LDH powder
(black line), (b) PrO™ type LDH powder (red line), and (c) LDH
only film (blue line).
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F1GUrE 5: XRD patterns of the (a) LDH film (black line), (b) AcO™
type LDH film (red line), and (c) Pyr /LDH hybrid film (blue line).

22.7° (006), respectively. This diffraction pattern of the
LDH solid film was almost the same as that of carbonate type
LDH powder, but not as PrO™ type LDH powder, in which
the lots of diffraction peaks were observed because of the
mixed hydration and dehydration phase [22]. These results
suggest that counter anion incorporated in LDH would be
an exchange from PrO~ to carbonate anions during the
FFT process. This consideration can be supported by the pre-
vious report by Iyi et al., which reported that carboxylate type
LDH was not stable in air, and then incorporated carboxylate
ion was replaced by carbonate ion. Thus, we can succeed in
preparing the transparent LDH solid film with carbonate
anion as exchangeable anion species by the FFT method.

3.2. Preparation of the Pyr/LDH Hybrid Film and Its
Luminous Behavior. To hybridize Pyr~ with the LDH solid
film, counter anion species in the LDH only film had to be
exchanged from carbonate to AcO™ anion, because the pre-
pared LDH solid film had carbonate anion, which is hardly
exchanged into other anion species [3, 26]. The XRD patterns
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FIGURE 7: Normalized emission spectra of the Pyr /LDH hybrid
film in air (black line, excited at 340nm) and Pyr  aqueous
solution (1.0 x 107° mol/L, red line, excited at 347 nm).

of the LDH solid film obtained after decarbonation treatment
using ethanol-acetic acid mixed solution (see Figure 5(b))
agreed with that of AcO™ type LDH powder reported in the
literature [22]. This result indicates that the effective decar-
bonation treatment for carbonate type LDH powder is also
effective for the present LDH solid film. Figure 5(c) shows
the XRD pattern of the LDH solid film obtained after
immersing the AcO™ type LDH solid film into Pyr~ ethanol
solution. In this XRD pattern, the new diffraction peak could
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FI1GURE 8: Normalized excitation spectra of the Pyr /LDH hybrid
film monitored at 400 nm (red line) and 460 nm (black line).
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FIGURE 9: Emission spectra of the Pyr /LDH film immersed in
toluene-ethanol solution (concentration of toluene (v/v) are 0%:
black line, 10%: blue line, 30%: red line, 50%: sky-blue line, 70%:
orange line, 90%: green line, and 100%: gray line).

be observed without that from carbonate type and/or AcO™
type LDHs. This result indicates that the Pyr~ anions can
be incorporated in the LDH solid film via anion-exchange
reaction. However, the interlayer space (0.34 nm) calculated
from this peak was larger than the interlayer space
(0.31 nm) of carbonate type LDH film and smaller than the
thickness of Pyr~ considering the diameter of sulfonate and
thickness of aromatic ring (ca. 0.5nm) [27, 28]. Thus, there
are both Pyr™ and carbonate anions in the present Pyr /LDH
solid film. This can be supported by small amount of
incorporated Pyr~ anions in the Pyr /LDH solid film
(0.14%vsAEC), which was calculated from absorbance of
residual Pyr~ anion in filtrate obtained after the immersing
process.

In Figure 6, photographs of Pyr/LDH solid films under
(a) room light, (b) UV irradiation (365nm), and (c) absorp-
tion spectra of Pyr~ aqueous solution and Pyr /LDH film are
shown.

As see in Figure 6(a), the transparency of the Pyr7/
LDH solid film was kept after both decarbonation and
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FIGURE 10: Schematic view of Pyr™ in the interlayer of LDH (a) in air and (b) in the ethanol-toluene mixed solvent.

hybridization of Pyr™ anions, and then strong sky-blue color
emission, which is known as typical excimer emission of
pyrene derivatives, could be observed by UV irradiation
(365nm) as shown in Figure 6(b). This result also indicates
that Pyr~ anions were incorporated in the LDH solid film.
In Figure 6(c), the new absorption band appeared around
350-390 nm in the Pyr /LDH film. Similar spectral change
was observed in the diffuse reflectance spectra of LDH
powder incorporating anionic pyrene and heptanesulfonate
[7]. This result indicates the incorporation of Pyr~ in LDH
although absorption spectra of the hybrid film were different
from that of Pyr~ aqueous solution. As discussed later, this
spectral change suggests that Pyr~ formed the aggregate in
the interlayer space of LDH. The emission spectra of the
Pyr™/LDH film in air and Pyr aqueous solution were shown
in Figure 7.

Two sharpen peaks (at 378 and 399nm) and broaden
peak (around 465 nm) were observed in emission spectra of
the Pyr /LDH hybrid film. The maximum emission wave-
length of sharpen peaks is almost the same as the emission
maximum wavelength of Pyr~ in aqueous medium (377
and 396 nm), indicating that these sharpen peaks at 378
and 399 nm were emission from excited Pyr monomer in
LDH. Emission band around 465 nm will be emission from
excimer of Pyr~ judging from large red shift and peak broad-
ening. This result indicated that emission from excimer and
monomer can be observed in this system. Excitation spectra
of the hybrid film monitored at 400 and 460 nm were shown
in Figure 8.

Excitation spectrum observed from emission at 400 nm
was almost the same as absorption spectrum of Pyr~ mono-
mer in aqueous medium. This result indicates that the
emission at 400 nm originates from the monomeric state of
Pyr™ anions in the LDH solid film. On the other hand, exci-
tation spectra observed from emission at 460 nm did not
correspond to the excitation spectra observed at 400 nm,
although excitation spectra of typical excimer, which is a
dimer associated in an excited state, correspond to the excita-
tion spectra monitored at monomer emission. This result
indicates that the Pyr~ species with 460 nm emission have a
different grand state from the monomeric Pyr~ species with
400 nm emission. This fact indicates that there will be inter-
molecular interaction among Pyr~ species in the grand state;
that is, Pyr~ dimer will be associated in the LDH solid film.
Thus, the strong excimer-like emission at around 460 nm
can be explained as emission from Pyr~ dimer associated in
the grand state under UV irradiation, so-called as “static

excimer” [29-32]. Additionally, peaks originated from
monomeric Pyr~ was not observed in excitation spectra mon-
itored at 460 nm, indicating the absence of typical excimer,
which was called as “dynamic excimer” and which is formed
by the encounter between excited pyrene and second pyrene
in the grand state.

In Figure 9, the emission spectra of the Pyr /LDH solid
film normalized by emission intensity at 400nm after
immersed in the ethanol-toluene mixed solution with various
toluene content (v/v%) are shown.

The normalized intensity of emission from excimer
(460 nm) decreased with an increase in the toluene content,
but the peak wavelength of excimer emission did not change,
even when the toluene content was varied. These results indi-
cate that the decrease of the normalized emission intensity
from excimer is caused by the decrease of abundance amount
of “static excimer,” but not the change of the chemical state of
incorporated Pyr™ anions.

It is known that aggregates and emission behavior of pyr-
ene derivatives depend on their medium [33, 34]. Judging
from the observed emission spectral change and this depen-
dency, the mechanism of the decrease of emission originated
from static excimer will be ascribed to the dissociation of
Pyr™ aggregate by adsorption of toluene in the interlayer
spaces as follows. Pyr~ associated the aggregates in ethanol
or the mixed solution containing small amount of toluene
because of strong hydrophobic interaction, thus static exci-
mer can be observed (Figure 10(a)). On the other hand, when
concentration of toluene was increased, toluene will be
adsorbed in the interlayer space of LDH, and Pyr~ aggregates
were dissociated because hydrophobic interaction is weak-
ened by toluene adsorption (Figure 10(b)).

4. Conclusions

The LDH thin film was prepared by the FFT method, and
transparency of the obtained film was enough to measure
transmission spectra. It was succeeded to prepare the trans-
parent Pyr /LDH hybrid film via decarbonation and anion-
exchange processes, and it was revealed that intercalated
Pyr~ formed emissive aggregate, which is called as static exci-
mer. The luminous response of the transparent Pyr /LDH
solid film was investigated in ethanol-toluene mixed solution
with various toluene contents. The ratio of luminescence
intensities from static excimer of incorporated Pyr~ mole-
cules depended on the toluene content and decreased with
an increase of the toluene content because of the dissociation



of Pyr~ aggregate by adsorption of toluene. Obtained results
suggested that the present transparent hybrid film may be
useful as a detectable material of toluene in solvent by lumi-
nous change.
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