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The reliability of materials used in color filters for CMOS image sensors and TVs is crucial for ensuring high
image quality. However, previous studies have revealed shortcomings in the reliability of these materials,
especially in terms of thermal and photostability, due to their intrinsic properties. This necessitates the
development of novel materials for color filters. Here, we present a novel strategy to improve the reliability
of color filters by fabricating a hybrid material in which dye is adsorbed onto TiO,, which is well known to
promote the photodegradation of organic materials. We synthesized three dyes — perylene, DPP, and azo-
based — and analyzed the photophysical properties and reliability of both the individual compounds and
the resulting hybrid materials. The hybrid material incorporating perylene-based dye demonstrated
enhanced photostability, whereas those with DPP and azo-based dyes exhibited contrasting outcomes.
Our study investigated the impact of the dyes’ photophysical properties and the amount of TiO, on the
generation of radicals. Additionally, we conducted a quantitative analysis to explore the influence of radical
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generation on the photostability of the hybrid materials. Lastly, we observed a significant improvement in
the thermal stability of the dyes as the amount of TiO, increased. Notably, only the perylene-based hybrid
material exhibited enhancements in both photostability and thermal stability. Consequently, we
determined the optimal dye moiety for a hybrid material and identified the factors influencing
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1. Introduction

The color filter is a device that reproduces colors by transmitting
red, green, and blue light, significantly impacting the perfor-
mance of LCD TVs and image sensors.'™ In recent years, its
application has expanded to OLED TVs and other fields, neces-
sitating additional research to improve the color filter
performance.*” Pigments and dyes are used as materials for
color filters, with pigments excelling in reliability but having
weak optical properties, and dyes displaying excellent optical

“ Department of Materials Science and Engineering, Seoul National University, 151-
744, Republic of Korea. E-mail: jaepil@snu.ac.kr

b Center for Specialty Chemicals, Korea Research Institute of Chemical Technology
(KRICT), Ulsan 44412, Republic of Korea

¢ Advanced Institute of Convergence Technology, Suwon 864-1, Republic of Korea

4 Material & Component Convergence R&D Department, Korea Institute of
Industrial Technology (KITECH), 15588, Republic of Korea

t Electronic supplementary information (ESI) available: Details of the com-

pounds’ synthesis, characterization, morphology, and reliability test data are

described here. See DOI: https://doi.org/10.1039/d3ma00897e

+ Wansoo Kim and So Jeong Park contributed equally as the first author.

© 2024 The Author(s). Published by the Royal Society of Chemistry

photocatalysis, as well as specific factors enhancing the material's reliability.

properties but weaker reliability.” Although preliminary studies
have been conducted to develop materials that combine the
advantages of pigments and dyes, there are limitations in
developing such materials due to their intrinsic properties.®™®
Therefore, developing novel materials with excellent optical
properties and reliability is essential.

Pigment-based color filters have optical property issues:
transmittance reduction and low color purity, challenging to
overcome due to inherent properties.”® In contrast, while
efforts have been made to improve the thermal and photo-
stability of the dyes,”®'° the development of compounds that
hardly decompose in the color filter process or operating
environment has been challenging.

In previous research, dyes’ reliability was enhanced by
modifying the dye molecule, such as altering the molecular
structure or introducing substituents. To advance our under-
standing, we employed a novel approach by utilizing a hybrid
material that adsorbed the dye onto TiO, to color filter.
Previous studies on materials adsorbing dye onto TiO, have
mainly focused on accelerating the photodegradation of dyes
through photocatalysis."*™ In contrast, several studies have
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Fig. 1 (a) Structure of PBI 2, (b) DPP-COOH, (c) Azo 1.

reported the potential of TiO, to protect dyes from light and
heat."*™"” However, prior studies did not thoroughly investigate the
mechanisms by which TiO, improves dye photostability and the
factors influencing photocatalysis. In this study, we synthesized
three dyes (Fig. 1) with transmission in the red region (600-
700 nm), adsorbed them onto TiO,, and meticulously examined
the photophysical properties and reliability of the resulting
materials. Our investigation comprehensively elucidated the
factors influencing photocatalysis, revealed how TiO, affects
dyes’ photo- and thermal stability, and suggested the optimal
chromophore for the hybrid material. Notably, our study
demonstrated improved thermal and photostability for one of
the synthesized dyes when adsorbed onto TiO,, underscoring
the practical utility of this research and proposing a specific
and innovative strategy to enhance the reliability of color filters.

2. Experimental section

2.1. Materials

The reagents were purchased from Sigma-Aldrich [poly(methyl
methacrylate): average M,, ~ 15 000, poly(styrene-co-methyl metha-
crylate): average M,, 100 000-150 000, imidazole: purity > 99.5%,
zinc acetate: purity > 99.99%, palladium acetate: purity > 98%,
cobalt carbonyl: purity > 90%, p-aminobenzoic acid: purity >
99% titanium(wv) chloride: purity > 99.9%, sulfuric acid: purity
95.0-98.0%, methanol: purity > 99.8%], alfa aesar [ammonium
hydroxide: purity > 99%], TCI [4-amino-3-methylbenzoicacid:
purity > 98%, diisopropyl succinate: purity > 99%, 1-iodobu-
tane: purity > 98%, 4-iodobenzonitrile: purity > 98%, 4-dimethyl-
aminopyridine: purity > 99%, 4,5-Bis(diphenylphosphino)-9,9-
dimethylxanthene (Xantphos): purity > 98%, 2-naphthol: purity >
99%], acros organics [3,4,9,10-perylene tetracarboxylic dianhy-
dride: purity > 98%], Samjeon Chemistry [Potassium tert-bu-
toxide: purity > 98%, sodium nitrite: purity > 98%, sodium
hydroxide: purity > 98%] and used in the experiments without
further purification. All the other solvents were purchased from
Samjeon Chemistry.

2.2. Instruments

A Bruker Advance 500 MHz and 850 MHz NMR were used for
"H NMR to confirm the structure of synthesized compounds,
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and N,N-dimethylformamide-d7, toluene-d8, Dichloromethane-
d2 was used as a solvent. The molecular weights of the syn-
thesized materials were measured via a matrix-assisted laser
desorption ionization mass spectrometer (MALDI-TOF).
Fourier-transformed infrared (FT-IR) spectra were collected on
a Bruker TENSOR27 spectrometer equipped with an attenuated
total reflectance (ATR) cell to confirm the adsorption of TiO,
and dye (Fig. S16, ESIY).

Spectral characteristics of the compounds were analyzed
using SHIMADZU UV1900i, PerkinElmer LS55, Scinco color
spectrophotometer-colormate, and JASCO V-770.

Thermal stability of the dyes was analyzed by Thermogravi-
metric analysis (TGA) by TA instrument’s SDT Q600. Lindberg
Blue M box furnace was used for heating to explore the thermal
stability of the dyes and hybrid materials in the film state.
The photostability of the dyes and hybrid materials was
analyzed under an incandescent lamp produced by Red100
Lighting Co. Ltd.

Electron spin resonance (ESR) spectroscopies were mea-
sured via Bruker’s EMXplus-9.5/12/P/L System. The particle size
of TiO, aggregate in solution was measured via Litesizer ~"s
Litesizer 500. The X-ray diffraction (XRD, D8 Advance. 2020,
Bruker) with Cu Ka radiation (4 = 0.1542 nm) was carried out to
measure the crystalline phase of TiO, nanoparticles. Morphologies
and qualitative compositions were characterized by field-emission
scanning electron microscopy (FE-SEM, MERLIN Compact, ZEISS).
The surface area was obtained using a Brunauer-Emmett-Teller
(BET) analyzer (ASAP 2020 PLUS, Micrometritics).

2.3. Fabrication of hybrid materials in films and solutions

Dyes with various concentrations (0.1, 0.3, 0.5, and 0.7 mM)
were dissolved in methyl ethyl ketone (MEK) solutions (5 mL),
and TiO, was added in various amounts (0, 2, 4, and 8 mg).
After stirring for a day, the mixture was filtered through a
PTFE syringe filter (0.2 pm of pore size) to remove residual
aggregates. PMMA and PS-PMMA polymer binder (20 wt%) were
added to the filtered solutions before being drop-cast on quartz
plates.'®'® The cast films were dried for 1 min at 85 °C on the
hot plate. The dye concentrations were determined by examining
the minimum and maximum concentrations at which the trans-
mittance of the hybrid materials could be used as red materials,
considering their solubility, transmittance, and economic feasi-
bility. The TiO, concentration was set to have negligible (0, 2 mg
in 5 mL solvent) and non-negligible (4, 8 mg in 5 mL solvent)
scattering and screening effects.

2.4. Computational calculations

Density functional theory (DFT) and time-dependent density
functional theory (TD-DFT) calculations were performed using
the Gaussian 16 program based on the 6-31G (d,p)/B3LYP
method. The geometrically optimized structures of the synthe-
sized dyes were predicted using this method. To explore the
degree of intramolecular charge transfer (ICT), electron density
distributions of the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) were calcu-
lated. DFT calculations were performed using the Dmol®> module

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in the Materials Studios (MS) program (Accelrys Inc., version 2020)
to explore the electron density distributions of the HOMO and
LUMO of dye-TiO, complexes. The geometry of bulk TiO, anatase
was obtained from the MS program library, the TiO, surface was
cleaved, and the lattice was controlled. The Perdew and Wang
(PWC) functional with double numerical plus polarization (DNP)
basis sets were used for the calculations. The S, value, molecular
planarity parameter (MPP), and span of deviation from plane
(SDP) were calculated by the Multiwfn program.”>*'

2.5. Photostability test

Photostability tests of the dyes and hybrid materials in the film
state were conducted in a dark box with an incandescent light
bulb (10.5 W), in which UV light was filtered. The absorbance of
the samples was measured at 1 to 2 h intervals by irradiating
them with visible light for 12 h to evaluate the photostability of
the samples. For the photostability test, films were fabricated
by dissolving the dye at a concentration of 0.1, 0.3, 0.5, and
0.7 mM in 5 mL of solvent and then adding 0, 2, 4, and 8 mg of
TiO,, as depicted in Section 2.3.

2.6. Particle size investigation

The synthesized TiO, was adsorbed on top of carbon tape, and
the images were acquired using scanning electron microscopy
(SEM). The average particle size was determined by measuring a
particle size of more than 100 parts using the Image] program.

After dissolving 2, 4, and 8 mg of TiO, in 5 mL of MEK for a
day, the particle size of the aggregates was measured. A quartz
cuvette was used, the refractive indices of MEK and TiO,
anatase were input into the instrument, and the particle size
was determined by repeating the measurement 60 times.

2.7. Brunauer-Emmett-Teller (BET) surface area analysis

The BET surface areas were determined from the isotherms
obtained from the physical adsorption of gas molecules on the
nanoparticle surface.”” The BET equation is given as follows:

CVpX
(1 =x)[1+4 (c—1)x]

V=

where x = P/P,, and v is the volume of nitrogen adsorbed per
gram of TiO, nanoparticles at STP, v, is the monolayer capacity,
and c is related to the heat of adsorption. The equation can be
rewritten as follows:

X 1

(e—Dx

Vi€

V(1 —x)  vue

BET analysis is performed by plotting x/v(1 — x) vs. x, and the
values corresponding to ¢ and v, can be obtained through the
slope and y-intercept. The surface area is calculated as follows:

A= vaONaV

where ¢, is the cross-sectional area of the nitrogen liquid
density (16.2 A), and N,, is Avogadro’s number.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.8. Electron spin resonance

ESR spectroscopy was used to analyze the generation of radicals
produced by irradiating TiO,-dye hybrid materials. All samples
were prepared using 5 mL of 0.4 mM of dye solution with TiO,
(0, 2, 4, and 8 mg). Then, samples were irradiated with visible
light for 30 min and measured within 5 min. The ESR signal
intensities of the hybrid materials were expressed relatively by
calculating the difference between the maximum and mini-
mum values of each peak. The peak intensity value of PBI 2 was
set as the reference with a value of 1.

2.9. Thermal stability test

Thermal stability tests were performed on the dye powders
from 25 °C to 110 °C and held for 10 min to remove residual
solvents. The powders were then heated to 230 °C and held for
1 h to simulate the manufacturing of color filters. Finally, the
dyes were heated to 400 °C. The tests were performed under
nitrogen conditions at a heating rate of 10 °C min " using a
thermal analyzer system. Absorbance and color difference
(AE,p) were measured before and after heating to evaluate the
thermal stability of the compounds and hybrid materials in the
film state. The measurements were taken at 230 °C for 1 h and
300 °C for 5 min in the box furnace.

2.10. Synthesis

Detailed synthetic routes and characterization results of the
compounds PBI 2, DPP-COOH, Azo 1, and TiO, (anatase, rutile)
and the verification of adsorption between TiO, and dyes are
described in the ESI} (Fig. S1-S15).

2.11. Adsorption investigation

A 0.5 mM (50 mL) solution of three dyes was prepared, and
100 mg of TiO, was added to the solution. The absorbance was
measured after desorbing the dyes from TiO, using a 0.1 M
NaOH aqueous-DMF (1:1) mixed solution. The adsorption
amount was determined by dividing the calculated absorbance
by the molar extinction coefficient. The physisorption amount
was determined by the absorbance using 0.1 M DMF solution.
The chemisorption amount was determined by subtracting
the physisorption amount from the adsorption amount. All
samples were prepared at the same temperature and pH levels.
The morphologies of the hybrid materials are described in the
ESIL{ The adsorption energy between dye and TiO, was calcu-
lated by the MS program.

3. Results and discussion

3.1. Molecular design and analysis

For dyes to be used as a hybrid material in a color filter, it must
meet several criteria. Dyes must transmit within a specific
wavelength range, demonstrate excellent reliability, and have
a structure suitable for adsorption and the introduction of
functional groups. After evaluating various candidate groups,
three dye moieties, namely perylene, diketopyrrolopyrrole
(DPP), and azo, were selected as the most suitable options.

Mater. Adv,, 2024, 5,1917-1929 | 1919
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Selecting an appropriate functional group is crucial because
its type, number, and position determine the adsorption
amount, energy, and photophysical properties.>*"*® Previous
studies have explored various functional groups suitable for
the adsorption of TiO, and dyes. Among these, the carboxyl
group was chosen due to its ease of introduction, minimal
impact on the photophysical properties and structure of the
dye, enhanced adsorption amount, higher adsorption energy,
and cost-effectiveness.?”*®

When TiO, and dye adsorb, both vertical and lying adsorption
modes coexist. Dye molecules containing one or two functional
groups tend to exhibit vertical adsorption on TiO,, resulting in
higher adsorption than lying adsorption.*® Furthermore, intro-
ducing the functional group at the para position, rather than
the ortho or meta position, can reduce the steric hindrance
and increase the adsorption amount.*® Based on these consid-
erations, we synthesized three dyes by introducing one or two
carboxyl groups at the para position of the benzene ring of the
selected dye moieties. The synthesized dyes were PBI 2, DPP-
COOH, and Azo 1 (Fig. 1).

3.1.1. Computational calculation of the dye molecules. The
molecular geometries of the compounds were optimized by
using the Gaussian 09 program. The molecular planarity para-
meter (MPP) and the span of deviation from plane (SDP) were
calculated to assess the planarity of the molecules using the
Multiwfn program (Fig. 2 and Table 1). Lower MPP and SDP
values indicate greater molecular planarity.*>*" MPP and SDP
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Fig. 2 Geometry-optimized structures of the dyes.
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Table 1 Molecular planarity parameter (MPP) and span of deviation from
plane (SDP) of the compounds

MPP SDP
PBI 2 1.186 5.433
DPP-COOH 1.560 5.949
Azo 1 0.766 3.209

decreased in the order of DPP-COOH > PBI 2 > Azo 1,
indicating that Azo 1 exhibited the most planar structure, while
DPP-COOH exhibited the most twisted structure.

Fig. 3 shows the HOMO and LUMO of each dye. S, values
indicating the ratio of the overlapped area between HOMO and
LUMO were calculated using the Multiwfn program and shown
in Table 2.*' PBI 2, DPP-COOH, and Azo 1 showed S, values of
0.90, 0.81, and 0.39, respectively, indicating that intramolecular
charge transfer (ICT) occurred more in the order of PBI 2 <
DPP-COOH < Azo 1.

3.1.2. Adsorption investigation. When dyes are physically
adsorbed to TiO,, they tend to favor lying structures due to van der
Waals forces and hydrogen bonds, whereas chemical bonding
results in vertical structure through the dye’s functional group.*?
Previous studies have reported the coexistence of lying and
vertical adsorption in the TiO,-dye complex due to the competing
interactions of physical and chemical adsorption.**** FT-IR ana-
lysis indicates the coexistence of physisorption and chemisorption
(Fig. S16, ESIt). The ESIT (S1.6) provides detailed assignments of
physisorption and chemisorption in FT-IR. SEM images of the
fabricated hybrid materials reveal non-uniform particle sizes and
rough surfaces, further supporting the coexistence of lying and
vertical adsorption (Fig. S17, ESIT).*® Additionally, a desorption
experiment confirmed the physical and chemical adsorption of
the dye and TiO, (Table 3).

In the case of chemisorption, the adsorption energy was
calculated using the MS program, and it increased in the order
of DPP-COOH < PBI 2 < Azo 1 (Table 4). Interestingly, Azo 1,
which has only one functional group, exhibited higher adsorp-
tion energy than PBI 2 and DPP-COOH, which have two
functional groups. When calculating the adsorption energy of
the chemisorption, the optimized structure is the vertical
structure in which only one functional group participates in
the chemical bond with TiO, (Fig. 10). The number of func-
tional groups participating in chemisorption is consistent
across all hybrid materials. Therefore, it can be analyzed
that the increase in adsorption energy is due to the decrease
in intermolecular steric hindrance as the planarity of the
molecules increases.*®?” Moreover, since the adsorption
amount increased as adsorption energy increased, it is analyzed
that the chemisorption amount increased in the order DPP-
COOH < PBI 2 < Azo 1.%° Likewise, the physisorption amount
followed the same order because the degree to which the dye
physically stacks increased as the planarity of the molecule
increased.*® In summary, the adsorption amount increased in
the order of DPP-COOH < PBI 2 < Azo 1, indicating a correla-
tion between molecule planarity, adsorption energy, and adsorp-
tion amount (Tables 1, 3, and 4).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Frontier molecular orbitals and energy level diagram of the dye molecules.

Table 2 S, value of the dyes

PBI 2 DPP-COOH Azo 1
S, value 0.90 0.81 0.39
Table 3 Adsorption amount of synthesized dyes on TiO,
PBI 2 DPP-COOH Azo 1
Adsorption amount (mM g~ ') 0.013 0.007 0.020
Chemisorption (approx.) 0.0087 0.0049 0.012
Physisorption (approx.) 0.0043 0.0021 0.0076

*Unit of adsorption amount (mM g~ ') indicates adsorbed dye concen-
tration per TiO, amount.

Table 4 Adsorption energy (E.qs) of synthesized dyes on titanium dioxide

PBI 2 DPP-COOH Azo 1

Adsorption energy (kcal mol ™) 41.1 37.0 78.2

*Eads = Etio, t Edye — ETi0,+dye

3.2. Spectral properties

3.2.1. Optical properties of the dyes in the solution. The
absorption and transmittance spectra of the dyes in MEK
solution at a 1 x 10~> M concentration are shown in Fig. 4
and Table 5. The maximum absorption wavelengths of PBI 2,
DPP-COOH, and Azo 1 were 521, 485, and 480 nm, respectively,
with corresponding molar extinction coefficients of 36000,
10000, and 24000. All synthesized compounds exhibited a

© 2024 The Author(s). Published by the Royal Society of Chemistry

transmittance of over 95% in 600 nm or more, with the highest
transmission observed in the red region among visible light.
3.2.2. Optical properties of the hybrid materials in the
film. Films were fabricated with varying amounts of TiO,, dye
concentration, and film thickness, and their transmittance was
measured (Fig. 5). The films showed optimized transmittance at
a concentration of 0.7 mM, TiO, 2 mg in MEK 5 mL, and
thickness 0.05 mm. All fabricated films showed a transmittance
of over 90% at 600 nm (Table 6). In the case of DPP-COOH, due
to its low molar extinction coefficient, it showed a transmittance
of 48.6% at Amax, rendering it unsuitable for color filters. In
contrast, PBI 2 and Azo 1 exhibited transmittance of 19.7% and
22.3% at Amayx, respectively, indicating their potential as red
materials for color filters with appropriate modifications.

3.3. Photostability test

3.3.1. Investigation of factors affecting photocatalysis. In
previous studies, much research has focused on promoting the
photocatalysis of TiO,."" "> However, the photocatalysis process
is influenced by various factors, and under specific conditions,
the photodegradation of dyes can be inhibited."*™” Firstly,
when the TiO, amount exceeds a certain threshold, TiO,
particles aggregate, resulting in light scattering and screening
effects. This phenomenon decreases the transmittance of light
and obstructs light irradiation, leading to a deterioration of
photocatalysis."* Additionally, as the dye concentration
increases, its adsorption to the photocatalytic active sites on
the surface of TiO, also increases. Consequently, the adsorp-
tion of hydroxide ions (OH ) on the TiO, surface is reduced,
resulting in a decreased generation of hydroxyl radicals (OH®)
and diminishing the photocatalytic process.'**° Furthermore,
a higher dye concentration absorbs more light, reducing the

Mater. Adv., 2024, 5,1917-1929 | 1921
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Fig. 4 (a) Absorption and (b) transmittance spectra of the dyes in MEK solution (107> M).

Table 5 Photophysical properties of the dyes in MEK solution

Transmittance
at 600 nm (%)

Molar extinction

Jabsmax (Nm)  coefficient (L mol " em™*)

PBI 2 521 36000 95.3
DPP-COOH 485 9600 99.5
Azo 1 480 24000 99.5

amount of light reaching the active sites on the TiO, surface,
thus adversely affecting photocatalysis. Another crucial factor
influencing photocatalysis is the extent of intramolecular

100
80
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N3 Azo 1
S 604
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Fig. 5 Absorption and transmittance spectra of the dyes in MEK solution
(107° M).

Table 6 Transmittance of dyes at maximum absorption wavelength and
600 nm

Transmittance Transmittance
at Aabs,max (%) at 600 nm (%)
PBI 2 19.7 93.9
DPP-COOH 48.6 98.7
Azo 1 22.3 98.4
1922 | Mater. Adv, 2024, 5,1917-1929

charge transfer (ICT) in the dye molecules. Dyes with a higher
degree of charge separation exhibit increased generation of
holes and electrons, accelerating the transfer of charges from
the dye molecule to TiO,, thereby enhancing photocatalysis.
In other words, dyes with less ICT exhibit decreased photo-
catalytic activity.**™*

In summary, the photocatalysis process is influenced by
the amount of TiO,, the dye concentration, the extent of dye
adsorption, and the degree of ICT. These factors can be
expressed through a comprehensive formula below.

ICT
adsorption amount x (dye concentration)

Photocatalysis o

x f(TiOy)
(1)
Since the degree of photocatalysis means the degree of
radical generation, it can be transformed as follows.

ICT
adsorption amount x (dye concentration)

Radical generation o<

x f(TiOy)
(2)

In the above equations, (dye concentration) and (TiO,)
represent variables. ‘f(TiO,) indicates that the effects on
‘photocatalysis’ and ‘radical generation’ vary depending on
the concentration of TiO, (low and high levels) and the specific
dye type.

After fabricating hybrid material films by adjusting the
concentration of dye and the amount of TiO, (considering the
reasons mentioned in Section 2.3), visible light was irradiated
for 12 h, and relative absorbance was measured at intervals of 1
or 2 h (Fig. 6). The photolysis of dyes is shown in Fig. S18 (ESIf).

3.3.2. Photostability of dyes and hybrid materials in the
film. The average values of the relative absorbance of each dye
are depicted as a dotted line (TiO, = 0 mg), while the average
values of the relative absorbance of the hybrid materials (TiO, =
2, 4, 8 mg) are shown as a solid line in Fig. 6 (Red: PBI 2, Green:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Average values of relative absorbance of dyes and hybrid materials.
*Relative absorbance of dye is averaged across all dye concentrations.
*The relative absorbance of hybrid material was averaged across all dye
concentrations and TiO, amounts.

Azo 1, Blue: DPP-COOH). The relative absorbance of the dyes
and hybrid materials followed the DPP-COOH < Azo 1 < PBI 2
order, indicating that perylene-based materials demonstrated
the best photostability. Interestingly, for DPP-COOH and Azo 1,
the solid lines were lower than the dotted line, indicating that
TiO, diminished the photostability of the dye in these hybrid
materials. Conversely, in the case of PBI 2, the solid line
was higher than the dotted line, suggesting that the TiO,
enhanced the photostability of the dye. To further elucidate
the factors contributing to the varying effects of TiO, on the
photostability of each dye, the relative absorbances after 12 h
of light irradiation, depending on the amount of TiO,, were
depicted in Fig. 7.

In the case of PBI 2, compared to the photostability of the
dye (TiO, = 0 mg), the relative absorbance decreased when TiO,
was 2 mg. However, as TiO, increased to 4 and 8 mg, the
relative absorbance of the hybrid material increased, indicating
improved photostability over that of the dye alone (Fig. 7a). For
DPP-COOH, when the TiO, amount was 2 mg, the relative
absorbance decreased compared to that of the dye. However,
when the TiO, amount was over 2 mg, the relative absorbance
increased as TiO, increased. Nevertheless, the photostability of
the hybrid material was diminished compared to that of the dye
at all TiO, amounts (Fig. 7b). Interestingly, in the case of Azo 1,
the relative absorbance decreased as the amount of TiO,
increased, that is, Azo 1 was the only material among the three
dyes whose photostability only decreased with increasing TiO,
concentration (Fig. 7c). To elucidate the reason why relative
absorbance changed differently depending on the dye type and
the amount of TiO,, we measured the generation of radicals
using electron spin resonance (ESR) (Fig. 8, Fig. $19-521 (ESIf)
and Table 7). Additionally, to verify the impact of the amount of
TiO, on the light scattering and screening effects, we measured
the transmittance decrement, the reflectance of the TiO, film,
and particle size of TiO, aggregates at varying TiO, amounts
(Fig. 9 and Tables 8, 9).
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Fig. 7 Relative absorbance by the amount of TiO, after 12 h of irradiation
of visible light (a) PBI 2 (b) DPP-COOH (c) Azo 1.*The absorbance at 0.1
and 0.3 mM concentrations for DPP-COOH and 0.1 mM for Azo 1 were
excluded. It is because the molar extinction coefficient of the two dyes
was insufficient, making accurate measurements of the absorbance
change around the end of irradiation time challenging. Moreover, when
TiO, was added, the absorbance resembled a noise signal. Therefore, we
determined that the photostability test results of the two dyes at that
dosage were hard to trust, so excluded.
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3.3.3. Electron spin resonance (ESR). The degree of trans-
mittance decrement, reflectance, and particle size increased
with the increasing amount of TiO,, indicating a corresponding
increase in scattering and screening effects (Tables 8 and 9).**

In the case of PBI 2, the presence of radicals was detected at
2 mg of TiO,, but as the TiO, increased to 4 and 8 mg, the ESR
signal intensities approached zero, suggesting a significant
reduction in radical generation (Fig. 8 and Table 7). At 2 mg
of TiO,, a larger portion of irradiated light may have reached
the photocatalytic active sites on the TiO, surface, resulting in
radical generation.'* Conversely, at 4 and 8 mg of TiO,, the
diminished radical generation might be due to the increased
scattering and screening effects. Additionally, considering that
the S; value for the PBI 2 molecule is 0.90, indicating limited
ICT occurrence, it is plausible that the reduced charge transfer
from the dye molecule to TiO, accounts for the observed
minimal ESR signal intensities across all TiO, amounts
(Fig. 8, eqn (2) and Table 2).

In the case of DPP-COOH, when the amount of TiO, was
more than 2 mg, radical generation decreased as the amount of
TiO, increased. This could be attributed to the increased
scattering and screening effects with increasing TiO, amounts.
Unlike PBI 2, the DPP-COOH-hybrid material exhibited radical
generation at 4 and 8 mg of TiO,. Additionally, ESR signal
intensities were higher than those of the PBI 2-hybrid material
across all TiO, amounts, indicating a higher radical generation
in DPP-COOH (Fig. 8). This might be attributed to the smaller
adsorption amount of DPP-COOH compared to PBI 2, and the
higher occurrence of ICT in DPP-COOH as indicated by its
smaller S, value (eqn (2), Tables 2 and 3).

Among the three hybrid materials, Azo 1 exhibited the most
significant radical generation, and it was the only material in
which radical generation increased with increasing TiO,
concentration. This observation indicates that Azo 1 had the

B
] —=—pPBI2
3 —e— DPP-COOH
s 4 o STrTeRERL
~ Azo 1
>
2 ]
2
T e T
£ ]
g
=) 21
2 .
14
8 14
0

o
N S
'
(<2
(-]

TiO, amount (mg)

Fig. 8 Electron spin resonance (ESR) signal intensity of the TiO,-dye
complexes by the amount of TiO,. *The samples were prepared as
depicted in Section 2.8. *The ESR peak intensity of PBI 2 (TiO, = 2 mg)
was set to 1, and the ESR peak intensities of the remaining hybrid materials
were determined.
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Table 7 Electron spin resonance (ESR) signal intensity

ESR Signal intensity 0 mg 2 mg 4 mg 8 mg
PBI 2 0 1 0 0
DPP-COOH 0 1.97 1.63 1.24
Azo 1 0 3.09 4.22 4.87

most significant charge transfer to TiO, among the com-
pounds, given its clear charge separation, indicated by the
lowest S, value (0.39) among the three materials (eqn (2) and
Table 2). Furthermore, the increase in radical generation with
increasing TiO, could be attributed to its effective charge
transfer in TiO,-dye complexes, even at higher TiO, amounts.
Interestingly, the rate of ESR signal intensity increment
decreased as the TiO, amount increased (AESR(ymg-2mg) =
1.13 > AESR(gmg-1mg) = 0.65), indicating a decreasing slope
in Fig. 8’s green line. This decrease might be attributed to the
increasing scattering and screening effects accompanying
higher TiO, amounts.

In summary, the role of ICT was evident in the variation of
radical generation with TiO, concentration. For the dyes with
limited ICT, radical generation decreased as TiO, concentration
increased, whereas Azo 1, characterized by clear ICT, exhibited
increased radical generation with greater TiO, concentration.
These results suggest that 'ICT” and ’amount of TiO,’ substan-
tially influence radical generation (eqn (2) and Tables 2, 3, 6).

To ascertain the impact of the dye molecule’s ICT on charge
separation within the TiO,-dye complex and confirm the extent
of charge transfer of the hybrid materials from the dye to TiO,,
the energy states of the hybrid materials were calculated using
the Materials Studio (MS) program.

3.3.4. Computational calculation of the hybrid materials.
As shown in Fig. 10, after excitation from HOMO to LUMO,
charges remained on the dye in the case of PBI 2 and DPP-
COOH-hybrid materials (yellow circles). In contrast, for the Azo
1-hybrid material, all charges transferred to TiO, (red circle),
indicating that Azo 1, with the most significant ICT, exhibited
the most charge transfer to TiO,. Additionally, considering that
more radicals were generated in the DPP-COOH-hybrid mate-
rial than in the PBI 2-hybrid material, it can be inferred that
charge transfer from the dye molecule to TiO, occurred to a
greater extent in the DPP-COOH-TiO, complex than in the PBI
2-TiO, complex (Tables 2 and 7).

In conclusion, we elucidated that the amount of TiO, and
the degree of ICT of dye molecules are the most significant
factors affecting the hybrid materials’ radical generation.

To explore the effect of the radical generation on the photo-
stability of the hybrid materials, we calculated the average
difference in relative absorbance between the hybrid materials
(TiO, = 2, 4, 8 mg) and dyes (TiO, = 0 mg) for each dye (Fig. 11
and Table 10, relative absorbance data were from Fig. 7).

3.3.5. Photostability change; effect of radical generation.
In the case of PBI 2, when TiO, was 2 mg, the photostability of
the hybrid material was diminished compared to the photo-
stability of the dye due to the generation of radicals. However,
with an increase in the TiO, to 4 and 8 mg, photostability

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Average transmittance decrement and reflectance in the visible
light region (400-700 nm) of TiO, film

2 mg 4 mg 8 mg
Transmittance decrement (%) —2.78 —11.80 —17.35
Reflectance (%) 3.89 13.81 19.37
Table 9 Particle size of TiO,
2 mg 4 mg 8 mg
Particle size 120.82 nm 225.98 nm 301.70 nm

*TiO, was dissolved in 5 ml of MEK (Fig. 9 and Tables 8, 9).

improved due to the screening and scattering effects and the
absence of radicals (Section 3.3.3). For DPP-COOH, the ESR
signal intensity and relative absorbance were 0-1.97-1.63-1.24
and 0-1.86 (—6.75%)-1.74 (—6.32%)-1.20 (—4.37%), respectively,
depending on the amount of TiO,. In the case of Azo 1, the ESR
signal intensity and relative absorbance were 0-3.09-4.22-4.87
and 0-3.24 (—11.76%)-4.99 (—18.13%)-5.84 (—21.22%), respec-
tively, depending on the amount of TiO, (Tables 7 and 10). Thus,
it can be said that ESR signal intensity and relative absorbance
differences in all three hybrid materials were quantitatively
almost the same. In other words, the graphs in Fig. 8 and 11
exhibited nearly identical formations (x-axis symmetry). This
result indicates that the degree of radical generation was the
major factor influencing the change in the hybrid materials’
relative absorbance (photostability). Moreover, our findings sug-
gest the potential for improving the photostability of dyes by
controlling radical generation.

3.4. Thermal stability

3.4.1. Thermal stability of dyes in powder. To ensure the
suitability of the materials for color filters, they must exhibit a
mass change of less than 5 wt% under the manufacturing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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process of 230 °C for 1 h.** To evaluate the thermal stability
of the synthesized dyes, thermogravimetric analysis (TGA) was
conducted (Fig. 12 and Table 11). The compounds exhibited
mass losses in the order of PBI 2 (—3.02 wt%) < Azo 1
(—6.72 wt%) < DPP-COOH (—8.36 wt%) at 230 °C for 1 h. PBI
2 was the only material with a mass loss of <5 wt%, exhibiting
excellent thermal stability in powder.

3.4.2. Thermal stability of hybrid materials in film. We
fabricated films with varying concentrations of TiO, (0, 2, 4,
8 mg in 5 ml of MEK) and different dye types using a PS-PMMA
binder to evaluate the thermal stability of the hybrid material in
the film state. To be used in a color filter, dyes must exhibit a
color difference (AE,p) less than 3 before and after thermal
treatment (230 °C-1 h and 300 °C-5 min) in the film state.**
The L’a’b’ values and AE,, results are presented in Tables S1-S3
and Table 12 (ESIY), respectively. In all conditions, AE,y, of the
films followed the order of DPP-COOH > Azo 1 > PBI 2, with
PBI 2 demonstrating the best thermal stability among the materi-
als. Interestingly, AE,, decreased with increasing amounts of
TiO,, indicating that TiO, enhances the dyes’ thermal stability.

Fig. 13 shows the relative absorbance (4/4,), dividing the
absorbance after heat treatment (A) by the initial absorbance
(4¢) by the amount of TiO, and the type of dye. Under all
temperature-time conditions and TiO, amounts, the relative
absorbance followed the order of DPP-COOH < Azo 1 < PBI 2,
with PBI 2 exhibiting the most excellent thermal stability.
Notably, the relative absorbance increased as the amounts of
TiO, increased for all hybrid materials and under all condi-
tions, indicating improved thermal stability. This increase can
be attributed to the insulating effect and its ability to restrict
oxygen access. TiO, serves as an insulating barrier that hinders
heat transfer between the dye and its surroundings. Addition-
ally, it acts as a barrier to the entry of oxygen and other reactive
species into the dye molecules. This protective action helps
shield the dye from oxidative degradation, a process induced by
oxygen and elevated temperatures. These effects are well-known
mechanisms that help maintain the dye at a lower temperature
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when exposed to heat sources.*>*® Moreover, as the amount of

TiO, increased, the degree to which the dye was protected from
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Fig. 11 Difference in relative absorbance of hybrid materials and synthe-
sized dyes.

Table 10 Difference in relative absorbance of hybrid materials and
synthesized dyes

0mg 2 mg 4 mg 8 mg
PBI 2 0 —3.63% (1) +5.71% +12.83%
DPP-COOH 0 —6.75% (1.86) —6.32% (1.74) —4.37% (1.20)

Azo 1 0 —11.76% (3.24) —18.13% (4.99) —21.22% (5.84)

*The relative absorbance of Fig. 7 was averaged for each amount of
TiO,, and then the differences in relative absorbance of dye and hybrid
materials were calculated to derive the values in the table.*The decrease
of relative absorbance of PBI 2 when the TiO, amount is 2 mg (—3.63%)
was set to 1.
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Fig. 12 Thermogravimetric analysis (TGA) of the dyes.

heat increased because the number of TiO,-dye complexes
increased as the amount of TiO, increased.
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Table 11 Weight percent decrement of the dyes at 230 °C

PBI 2 DPP-COOH Azo1

Weight decrement at 230 °C (wt%) —3.02% —8.36% —6.72%

Table 12 Color difference (AE,,) of the hybrid materials in film after
thermal treatment

AE,, 0 mg 2 mg 4 mg 8 mg
PBI 2 230 °C-1 h 10.85 8.58 8.44 2.92
300 °C-5 min 8.71 5.18 2.94 1.29
DPP-COOH 230 °C-1 h 61.63 59.13 50.59 46.09
300 °C-5 min 54.41 53.35 44.92 41.78
Azo 1 230 °C-1 h 18.50 15.54 11.45 4.96
300 °C-5 min 12.63 7.95 5.45 1.73

Consequently, the thermal stability of the PBI 2 dye and the
PBI 2-hybrid material consistently outperformed the other two
materials in all experiments, and the thermal stability of the
materials improved with increasing TiO, concentration. These
results further support the enhanced thermal stability of the
hybrid material and underscore the potential of PBI 2 as a
candidate for color filter applications, especially when com-
bined with TiO,.

4. Conclusion

In this study, we prepared three hybrid materials by adsorbing
perylene, DPP, and azo-based dyes to TiO, and extensively
investigated their adsorption, optical properties, and reliability.
The perylene and azo-based hybrid materials exhibited promis-
ing potential for application as color filters based on their
optical properties. Moreover, the thermal stability of all three
hybrid material films significantly improved with increasing
amounts of TiO,. Notably, the Azo 1-hybrid material generated
the most radicals among the materials, while the PBI 2-based

()
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hybrid material exhibited the least. This difference can be
attributed to the ICT of the dye molecules and the charge
separation within the TiO,-dye complex. To the best of our
knowledge, our study is the first to analyze the factors influen-
cing photocatalysis and radical generation comprehensively
and quantitatively. We also identified the optimal conditions
for improving thermal and photostabilities, emphasizing the
crucial role played by the amount of TiO, and the charge
transfer within the dye and the TiO,-dye complex. Among
the three materials, the PBI 2-based hybrid material demon-
strated the best optical properties and reliability and was the
only one that exhibited improved photostability through TiO,.
Consequently, these findings provide valuable insights for
establishing appropriate conditions to enhance the reliability
of color filters and selecting suitable dye moiety in novel
hybrid materials.
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