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Near-infrared (NIR) absorbing films are essential components of CMOS image sensors, particularly for
suppressing unwanted signals in the 750-1100 nm range. However, the mid-band NIR region
(850-950 nm) remains challenging to cover due to the limited availability of suitable commercial cya-
nine dyes, necessitating new molecular design approaches. In this study, five benzolcdlindolenyl
heptamethine cyanine dyes were synthesized by introducing a para-aniline-based N-linker at the meso
position bearing amine (Cy-5npnB), amide (Cy-5npaB), hydrogen (Cy-5npB), ester (Cy-5npeB), and
cyano (Cy-5npcnB) substituents. Systematic modulation of the electron-donating and electron-
withdrawing strengths of the N-linker enabled An.x tuning over a wide range of approximately 116 nm,
which correlated well with trends in LUMO stabilization. UV-Vis-NIR measurements in both solution and
COP films confirmed that all synthesized dyes effectively covered the mid-band NIR
demonstrating that meso-N-linker engineering alone enables precise tuning of the absorption profile

region,

within the mid-band NIR region. TD-DFT and RMSD analyses further revealed that the unusually low
molar absorptivity of Cy-5npnB originates from its large So/S; geometric displacement, which reduces
Franck—Condon overlap, and that the additional peak near 700 nm corresponds to an S, transition invol-
ving a HOMO-1 — LUMO excitation. To evaluate applicability in NIR cut-off filters, 3-mixed and
4-mixed films were fabricated. Cy-5npnB exhibited the largest absorbance loss upon film formation due
to its strong electron-donating character, whereas Cy-5npaB effectively compensated for the residual
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820 nm absorption in the prior 3-mixed system and provided an optimal balance between visible and
NIR transmittance (76.8% visible, 2.3% NIR). Moreover, comparison of TGA results with film state thermal
behavior revealed that, despite its high T4 in bulk, Cy-5npnB exhibited pronounced thermal degradation
in COP films due to extensive So/S; structural reorganization, highlighting that bulk thermal stability does
not necessarily translate to film-state robustness.
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of the essential components in such systems is the NIR cut-off
filter. Because CMOS sensors are based on silicon, whose

1. Introduction

CMOS (Complementary Metal Oxide Semiconductor) image
sensors convert incident light into digital signals and are now
widely used in various applications, including digital cameras,
smartphones, autonomous vehicles, and security systems." One
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spectral responsivity differs significantly from that of the
human eye, unattenuated NIR light causes reddish color dis-
tortion in captured images.> Conventional NIR cut-off filters
rely on reflective multilayer structures, but these suffer from
light leakage and angle-dependent color shifts.® In contrast,
absorption-type NIR cut-off filters—constructed by incorporat-
ing an NIR-absorbing film into the filter structure—can effec-
tively overcome these limitations.

Cyanine dyes, with their strong NIR absorption and high
molar absorptivity, are promising candidates for such absorb-
ing layers.*” In particular, dyes absorbing in the mid-band NIR
region (850-950 nm) are required to achieve continuous cover-
age across the full 750-1100 nm near-infrared band. However,
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only a limited number of commercial or reported dyes exhibit
strong absorption specifically in this region, underscoring the
need for new molecular designs.® Prior studies have shown that
introducing an N-linker at the meso-position induces a hypso-
chromic shift in heptamethine cyanines; based on this strategy,
we aimed to design benzo[cd|indolenyl cyanines with Apax
values within 850-950 nm.”

In our earlier work, excessive steric hindrance at the N-linker
induced pronounced conformational twisting, resulting in
reduced molar absorptivity and poor thermal stability in the
film state.® Accordingly, in this study, we designed N-linker
variants with moderate steric demand. Using the aniline-
substituted Cy-5npB as the parent dye, we introduced two
electron-donating and two electron-withdrawing substituents
at the para-position of the meso benzene ring, yielding five
N-linker-modified dyes. Their optical properties were examined
in both solution and COP films, and to address the previously
observed absorption gap around 820 nm in a 3-mixed film
system, the dyes were integrated into an improved 4-mixed NIR
film formulation.® Thermal stability was also evaluated through
TGA and isothermal heating tests in the film state.

2. Experimental section

2.1. Materials
N,N-Dimethylformamide, sodium acetate, cyclopentanone,
1-iododecane, methylmagnesium iodide, and sodium

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaBARF) were
purchased from Alfa Aesar. Phosphoryl chloride, aniline,
1,2-dichlorobenzene, acetic anhydride, triethylamine and
poly[[octahydro-5-(methoxycarbonyl)-5-methyl-4,7-methano-1H-
indene-1,3-diyl]-1,2-ethanediyl] were purchased from Sigma-
Aldrich. Benzo[cd]indol-2(1H)-one and 18-crown 6-ether,
N,N-dimethyl-1,4-phenylenediamine, 4’-aminoacetanilide, ani-
line, methyl 4-aminobenzoate and 4-aminobenzonitrile were
purchased from TCI chemicals. Chloroform, dichloromethane,
diethyl ether, ethanol, hydrochloric acid, perchloric acid, and
sodium hydroxide were purchased from Samchun Chemicals.
Silica gel 60 (0.040-0.063 mm) for column chromatography and
analytical TLC plates precoated with silica gel 60 F254 were
purchased from Merck. All chemicals and reagents were used as
received without further purification. Synthetic details and
characterization of compounds are described in the SI.
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Scheme 1 Synthesis of benzolcdlindolium derivatives 1 and 2.
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Scheme 2 Synthesis of anilinium salt.

2.2. Structures and synthesis

Benzo[cd]indol-2(1H)-one was subjected to N-alkylation with 1-
iododecane to give compound 1. The benzo[cd]indolium deriva-
tive 2 was then obtained via a Grignard addition followed by an
acid-mediated elimination using perchloric acid (Scheme 1). The
anilinium salts 3 was prepared through a Vilsmeier-Haack
process employing N,N-dimethylformamide, phosphoryl chlor-
ide, cyclopentanone, and aniline (Scheme 2). Subsequently,
benzo[cd]indolenyl heptamethine cyanine dye Cy-5 was produced
by condensing anilinium salts 3 with benzo[cd]indolium deriva-
tive 2 in the presence of sodium acetate (Scheme 3).

Meso-substitution of Cy-5 was conducted by reacting with
N,N-dimethyl-1,4-phenylenediamine, 4’-aminoacetanilide, ani-
line, methyl 4-aminobenzoate and 4-aminobenzonitrile in the
presence of triethylamine in DCM/Acetone or DCM or Acetone to
yield the Cy-5npn, Cy-5npa, Cy-5np, Cy-5npe, Cy-5npcn respec-
tively (Scheme 4). Finally, the five cyanine dyes were dissolved
individually in a dichloromethane/acetone (1: 1) solvent mixture
to introduce bulky counter anions. Ion exchange reactions were
then performed by adding NaBARF, forming Cy-5npnB, Cy-
5npaB, Cy-5npB, Cy-5npeB and Cy-5npcnB (Scheme 5).

2.3. Fabrication of NIR absorbing films

The cyclic olefin polymer (COP) was employed as the film binder
due to its high optical transmittance and thermal durability.”*°
Poly[[octahydro-5-(methoxycarbonyl)-5-methyl-4,7-methano-1H-
indene-1,3-diyl]-1,2-ethanediyl], which is a representative COP
material, was used as the binder matrix. The COP was dis-
solved in chloroform to afford a 5 wt% stock solution. Subse-
quently, the cyanine dyes were added into 1.6 g of this COP
stock solution and mixed for 3 min at ambient temperature
using a vortex shaker to obtain a homogeneous coating
formulation. The prepared coating solutions were then depos-
ited onto pristine glass substrates (50 x 70 x 0.5 mm) by spin-
coating.

1. MeMgl
Ether, -5 °C — 35 °C

2.20% HCIO, aq, 0 °C
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Scheme 3 Synthesis of benzolcdlindolenyl heptamethine cyanine dye (Cy-5).
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Scheme 4 Synthesis of benzolcdlindolenyl heptamethine cyanine dyes.
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Scheme 5 Substitution of the BARF anion.

2.4. Instruments

1H NMR spectra were recorded on a Bruker Avance III HD
spectrometer (850 MHz) using CDCl; as the solvent. GC/
HRMS measurements were performed on a JEOL JMS-700
system. Cold-spray LC-TOF-MS experiments were obtained
using a JEOL JMS-T100LP 4G instrument. Thermogravimetric
analysis (TGA) was conducted under N, using a Mettler
Toledo TGA2 with a heating rate of 10 °C min ‘. FE-SEM
images were acquired using a Carl Zeiss SUPRA 55VP (Pt-
coated), and image preparation was carried out using a Leica
EM ACE200. UV-Vis-NIR absorption spectra and fluorescence
spectra were collected on a Shimadzu UV-1900i and a Perki-
nElmer LS-55, respectively. Ground-state geometry optimiza-
tions were carried out using Gaussian 16 with the B3LYP
functional and the 6-31+G(d,p) basis set. Solvent effects were
included using the IEFPCM model with dichloromethane.
TD-DFT calculations were used to evaluate oscillator
strengths of excited states, and additional S; geometry opti-
mization was performed to obtain adiabatic transition
energies.
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3. Results and discussion

3.1. Molecular designs

In designing N-linker-modified cyanine dyes, an aniline unit
was selected as the base linker to minimize geometric distor-
tion around the meso-position while preserving effective elec-
tronic communication with the polymethine backbone.
Electron-donating and electron-withdrawing substituents were
systematically introduced at the para-position of the aniline
ring to enable controlled spectral modulation (Scheme 6).
Specifically, the para-substituents were selected to provide a
graded electronic series: a strong electron-donating amine group
(Cy-5npn), a moderate electron-donating amide group (Cy-5npa),
an electronically neutral hydrogen substituent (Cy-5np), a weak
electron-withdrawing ester group (Cy-5npe), and a strong
electron-withdrawing cyano group (Cy-5npcn). This series was
deliberately constructed to span a broad range of electronic
effects while maintaining comparable steric environments.
Such an electronically graded design enables systematic
modulation of meso-position electronic coupling without alter-
ing the core benzo[cd]indolenyl polymethine scaffold, thereby

:

NH NH

A

(3% 3¢ 3% 3% A%

Cy-5npnB Cy-5npaB Cy-5npB Cy-5npeB Cy-5npcnB
Most Most
electron- Increasing electron withdrawing power electron-
donating withdrawing

Scheme 6
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Fig.1 UV-Vis-NIR absorption spectra of synthesized cyanine dyes in
dichloromethane at a concentration of 5 x 10~°M.

allowing rational investigation of how N-linker electronics
influence optical properties.

To further suppress dye aggregation and enhance stability in
the film state, the counter cation was exchanged with the
weakly coordinating BARF anion [{3,5-(CF;),C¢H3},B] ™, afford-
ing the final dye series Cy-5npnB, Cy-5npaB, Cy-5npB, Cy-
5npeB, and Cy-5npcenB.*' "2

3.2. Optical characterization

The optical properties of the synthesized cyanine dyes were
evaluated using UV-Vis-NIR spectroscopy. The absorption spec-
tra of Cy-5npnB, Cy-5npaB, Cy-5npB, Cy-5npeB, and Cy-5npcnB
in dichloromethane are shown in Fig. 1. The corresponding
molar extinction coefficients, maximum absorption wave-
lengths, and full widths at half maximum (FWHM) are sum-
marized in Table 1.

Overall, the synthesized dyes exhibited molar extinction
coefficients exceeding 150000 M~ " cm™ "', except for Cy-
5npnB, which showed a markedly lower value of 112000 M ™"
em ! and a distinctive additional absorption feature around
700 nm. The maximum absorption wavelength progressively
red-shifted from Cy-5npnB to Cy-5npcnB, with a total shift of
116 nm, demonstrating that substantial spectral tuning can be
achieved solely by varying the electron-donating and electron-
withdrawing strength of the para-substituted aniline N-linker.
In addition, the full width at half maximum (FWHM) increased
as the absorption moved to longer wavelengths, indicating
broader spectral profiles for the more red-shifted dyes. To

Table 1 Molar extinction coefficients (¢), the wavelength at maximum
absorbance (imax), and the full width at half maximum (wy,) of cyanine
dyes in dichloromethane

View Article Online
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elucidate the origins of these optical trends, computational
analyses were performed.

3.3. Theoretical calculation

Density functional theory (DFT) is an effective tool for describ-
ing both ground and excited state geometries of organic
chromophores.”? Density functional theory (DFT) and time-
dependent DFT (TD-DFT) calculations were performed using
Gaussian 16. Unless otherwise noted, all calculations were
carried out on the isolated cationic dyes without explicit inclu-
sion of the BARF counter anion. The total charge and spin
multiplicity were set to +1 and singlet, respectively. Geometry
optimizations were performed for the ground state (S,), fol-
lowed by TD-DFT calculations on the optimized cationic struc-
tures to obtain vertical excitation energies and frontier
molecular orbitals. Because BARF is a bulky, weakly coordinat-
ing anion, the electronic transitions of the polymethine chro-
mophore are primarily governed by the cationic dye framework.
Therefore, calculations on the isolated cation provide a reason-
able approximation for discussing intrinsic trends in orbital
energies and /.« shifts. The HOMO-LUMO energies and other
computed parameters of the N-linker modified dyes, obtained
from DFT and TD-DFT calculations, are summarized in Table 2.
Although the calculated A, values deviate from the experi-
mental measurements in absolute magnitude, the overall spec-
tral trends and oscillator strengths show good agreement with
the experimental results, confirming the reliability of the
computational simulations.

Fig. 2 presents the optimized structures, frontier molecular
orbitals, and charge density difference (CDD) maps of Cy-5npn,
Cy-5npa, Cy-5np, Cy-5npe, and Cy-5npcn. All N-linker-modified
dyes exhibit similar spatial distributions in both the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), indicating that the S; transition
primarily involves a local excitation (LE) process.’®'® In the
HOMO, the electron density is distributed toward the terminal
hydrogen atoms on the cyclopentene ring for all dyes, whereas
in the LUMO, this density disappears and instead becomes
localized on the central meso-carbon atom and the attached
meso-substituent.

These differences can be more clearly visualized through the
charge density difference (CDD) maps, which represent the
electron-density redistribution between the HOMO and LUMO.
In the CDD plots, the yellow regions indicate an increase in
electron density upon excitation, whereas the cyan regions

Table 2 LUMO and HOMO enegries (eV), HOMO-LUMO energy gaps AE
(eV), calculated maximum absorption wavelength Amax (NmM), oscillator
strength f

Dyes ¢(Lmol ' em™) Jmax (M) w1, (nm)  Dyes LUMO (eV) HOMO (eV) AE (€V) Amax_caleutated (M) f

Cy-5npnB 112 000 880 101 Cy-5npn  —3.537 —5.270 1.733 715.43 2.108
Cy-5npaB 150000 913 118 Cy-5npa —3.630 —5.303 1.672 741.53 2.262
Cy-5npB 156 000 921 125 Cy-5np —3.654 —5.302 1.648 752.33 2.286
Cy-5npeB 156 000 969 144 Cy-5npe  —3.757 —5.326 1.569 790.21 2.298
Cy-5npcnB 160 000 996 144 Cy-5npen  —3.805 —5.346 1.541  804.57 2.319
9064 | J Mater. Chem. C, 2026, 14, 9060-9071 This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Frontier molecular orbitals (FMOs) and charge density differences (CDDs) of Cy-5npn, Cy-5npa, Cy-5np, Cy-5npe and Cy-5npcn at the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The yellow and cyan regions indicate an increase and decrease in

the electron density due to excitation, respectively.

represent a decrease. As shown in Table 2, the variation in
LUMO energy across the dye series is significantly larger than
that of the HOMO. This is because, unlike the HOMO, the
LUMO is strongly localized on the meso-position central carbon
atom and the attached meso substituent, making it more
sensitive to electronic perturbations introduced at this
position.

For Cy-5npn, the presence of a strongly electron-donating
substituent at the para-position of the aniline N-linker destabi-
lizes the LUMO, resulting in the highest LUMO energy level
among the series. As the substituent becomes increasingly
electron-withdrawing, the LUMO becomes progressively

stabilized, ultimately yielding the lowest LUMO energy in Cy-
5npcn, which contains the strongest electron-withdrawing group.

As shown in Table 2, Cy-5npn exhibits a noticeably lower
oscillator strength than the other dyes, consistent with the
experimental observations. To identify the origin of this
reduced transition intensity, we compared the optimized geo-
metries of the ground state and the S, excited state for each dye,
as presented in Fig. 3.

In Fig. 3, the optimized geometries of the ground state and
S; excited state are shown in black and red, respectively, with
both top and side views provided for comparison. In the top
views, the meso-position substituents in all dyes except Cy-

YT

Cy-5np

Cy-5npn Cy-5npa

(top view)
(side view)

i A

Cy-S5npcn

Cy-5npe

Fig. 3 Superimposed molecular geometries of cyanines comparing the ground state (black) and S; excited state (red) conformations optimized at the

B3LYP/6-31G+(d,p) level.

This journal is © The Royal Society of Chemistry 2026
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Table 3 RMSD values

Cy-5npn Cy-5npa Cy-5np Cy-5npe Cy-5npen

RMSD 1.398 0.293 0.180 0.190 0.118

5npn are bent toward the indole unit on the right side of the
molecule, whereas in Cy-5npn, the substituent remains posi-
tioned near the center only in the S; geometry. The side views
further reveal that Cy-5npn exhibits the largest structural
deviation between the ground and excited states among the
series. To quantify these differences, root-mean-square devia-
tion (RMSD) values between the ground-state and S, geometries
were calculated using Visual molecular dynamics(VMD), which
is a molecular graphics program designed for the display and
analysis of molecular assemblies, and the results are summar-
ized in Table 3."°

As shown by the RMSD values in Table 3, Cy-5npn exhibits
the largest deviation between the ground- and S, excited state
geometries, consistent with the structural differences observed
in Fig. 3. This indicates that Cy-5npn undergoes the most
pronounced geometric reorganization upon excitation among
the five dyes. Such substantial structural distortion reduces the
Franck-Condon overlap, leading to significantly lower molar
absorptivity observed for this dye.®'”

To further investigate the additional absorption feature
around 700 nm observed for Cy-5npnB in Fig. 1, TD-DFT
calculations were performed to analyze the S, transition. The
corresponding frontier molecular orbitals and calculated para-
meters are summarized in Fig. 4 and Table 4.
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Table 4 LUMO and HOMO-1 energies (eV), HOMO—-1-LUMO energy

gaps AE (ev), calculated maximum absorption wavelength Anax (hm),
oscillator strength f

LUMO HOMO-1 AE ;Lmaxicalculated
Dyes (ev) (eV) (ev) (nm) f
Cy-5npn —3.537 —5.474 1.937 640.08 0.219
Cy-5npa —3.630 —5.915 2.285 542.60 0.085
Cy-5np —3.654 —6.010 2.356 526.25 0.046
Cy-5npe —3.757 —6.139 2.382 520.50 0.075
Cy-5npen —3.805 —6.216 2.411 514.24 0.074

Fig. 4 shows that the S, transition corresponds to an
electronic excitation from HOMO-1 to the LUMO. The
HOMO-—1 orbitals are more localized toward the meso-
substituent compared to the HOMO orbitals shown in Fig. 2.
In particular, Cy-5npn exhibits a strongly localized HOMO—1
density on the aryl substituent at the meso position, with little
contribution from the polymethine chain or the indole plane.
This pronounced localization raises the HOMO—1 energy level
relative to the other dyes. Consequently, as summarized in
Table 4, Cy-5npn shows a substantially red-shifted S, absorp-
tion by nearly 100 nm and a larger oscillator strength. Taken
together, these results indicate that the additional peak
observed near 700 nm in Fig. 1 for Cy-5npnB originates from
this S, transition.

3.4. Characterization of NIR absorbing film

The coating solution for the COP films was prepared by mixing
0.004 mmol of each dye with 1.6 g of a 5 wt% polymer solution
in chloroform. The resulting formulations were deposited onto
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Fig. 5 UV-Vis-NIR absorption of fabricated NIR absorbing films (COP).

Table 5 Absorbance at Amax the wavelength at maximum absorbance
(Amax). and the full width at half maximum (w,,) of cyanine dyes in COP
films

Dyes Absorbance at Ap,ax Jmax (NM) Wy, (Nm)
Cy-5npnB 0.739 872 143
Cy-5npaB 0.905 892 143
Cy-5npB 0.899 904 153
Cy-5npeB 0.914 949 170
Cy-5npcnB 0.938 978 173

glass substrates by spin-coating at 4000 rpm for 30 s to produce
uniform films. The thickness of the COP film was determined
by cross-sectional SEM analysis and was found to be 1.504 um
(Fig. S5, SI). The UV-Vis-NIR absorption spectra of the COP
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films containing Cy-5npnB, Cy-5npaB, Cy-5npB, Cy-5npeB, and
Cy-5npenB, along with their corresponding optical parameters,
are presented in Fig. 5 and summarized in Table 5.

In the COP films (Fig. 5), the absorption bands of all dyes
appear blue-shifted and broadened compared with those
observed in dichloromethane solution (Fig. 1), indicating the
formation of H-aggregates in the solid-state environment.'®"®
Consistent with the solution-phase data, Cy-5npnB exhibits
both a lower absorbance and a distinctive additional peak near
700 nm in the film state.

We next sought to improve the flatness of the NIR absorp-
tion profile in the previously developed 3-mixed film (PhcyB,
Cy-5npB, Cy-5pB).® To address the remaining absorption gap
around 820 nm, additional N-linker dyes were introduced to
formulate new 4-mixed films. The absorption and transmit-
tance spectra of the prior 3-mixed system, along with the
molecular structures of its constituent dyes, are shown in Fig. 6.

As shown in the transmittance spectrum in Fig. 6(b), the
previously developed 3-mixed film exhibits a remaining unat-
tenuated peak near 820 nm. To flatten this region, we intro-
duced additional N-linker dyes with shorter absorption
wavelengths than Cy-5npB, specifically Cy-5npnB and Cy-
5npaB, to construct new 4-mixed films. The resulting transmit-
tance spectra for each 4-mixed formulation are presented in
Fig. 7, and the average visible and NIR transmittance values are
summarized in Table 6.

As shown in Fig. 7, the 4-mixed film incorporating Cy-5npnB
exhibits lower visible transmittance than the film containing
Cy-5npaB. This trend is confirmed quantitatively in Table 6: the
Cy-5npnB-based 4-mixed film shows an average visible trans-
mittance of 73.1%, which is approximately 3.7% lower than
that of the Cy-5npaB-based counterpart, while its average NIR
transmittance is about 0.5% higher. This difference arises

COP film
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3. mixed Cyanine
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Fig. 6 UV-Vis-NIR absorption (a) and transmittance (b) of fabricated 3-mixed film (COP), molecular structure of cyanine dyes(PhcyB, Cy-5npB, Cy-5pB)

in 3-mixed film.
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Fig. 7 UV-Vis-NIR transmittance of fabricated 4-mixed films (COP, 3-mixed + Cy-5npnB (a), 3-mixed + Cy-5npaB (b)).

Table 6 Average visible and NIR transmittance of 3-mixed + Cy-5npnB
and 3-mixed + Cy-5npaB

Average visible
transmittance

Average near-Infrared
transmittance

Dyes (400-650 nm) (780-1050 nm)
3-mixed + Cy-5npnB 73.1% 2.8%
3-mixed + Cy-5npaB 76.8% 2.3%

because the lower molar absorptivity of Cy-5npnB requires a
higher dye loading to reach the target NIR attenuation, conse-
quently reducing visible transmittance. Based on these results,
Cy-5npaB was selected as the optimal fourth component for the
4-mixed film, and its performance is compared with that of the
original 3-mixed system in Fig. 8.

For the 3-mixed film shown in Fig. 8, the average visible
transmittance was 81.8%, while the average and maximum NIR
transmittance were 5.8% and 14.4%, respectively. In compar-
ison, the 4-mixed film exhibited a slightly reduced average
visible transmittance of 76.8%, but its average and maximum
NIR transmittance decreased significantly to 2.3% and 4.58%.
These results demonstrate that the NIR region can be effectively
flattened using cyanine dyes alone. Furthermore, the fabrica-
tion of the 4-mixed film highlights that, in addition to the
maximum absorption wavelength, the molar absorptivity of

()

COP film
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each dye must be carefully considered when selecting NIR-
absorbing components.

3.5. Thermal stability evaluation

In the fabrication of optical filters, dye-containing films are
subjected to high-temperature baking processes. Therefore,
ensuring sufficient thermal stability of the cyanine dyes is
essential for practical and commercial applications.>>*' To
evaluate the thermal robustness of the synthesized dyes, ther-
mogravimetric analysis (TGA) was first performed. The result-
ing TG curves are shown in Fig. 9 and Fig. 9(b) presents the
first-derivative curves, which indicate the temperature ranges
in which thermal decomposition begins. Additionally, the
temperature corresponding to 2% weight loss was defined as
the decomposition temperature (T,), and the T4 values for each
dye are summarized in Table 7.

From the TGA curves in Fig. 9(a), Cy-5npB, Cy-5npeB, and
Cy-5npenB  exhibit similar thermal decomposition profiles,
whereas Cy-5npnB and Cy-5npaB show noticeably higher ther-
mal stability than the other three dyes. This trend is also
evident in the DTG curves in Fig. 9(b), where the onset of
decomposition for Cy-5npaB and Cy-5npnB appears at higher
temperatures following Cy-5npcnB, Cy-5npB, and Cy-5npeB.
Consistent with these observations, the Ty values listed in
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Fig. 8 UV-Vis-NIR transmittance of fabricated 3-mixed(PhcyB, Cy-npB, Cy-pB) film (a) and 4-mixed (PhcyB, Cy-npB, Cy-pB, Cy-5npaB) film.
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Table 7 Thermal decomposition temperature (Ty) at a 2% weight loss

Dyes Thermal decompostion temperature (Tg4, °C)
Cy-5npnB 278
Cy-5npaB 274
Cy-5npB 260
Cy-5npeB 261
Cy-5npcnB 250

Table 7 indicate that Cy-5npnB possesses the highest decom-
position temperature among the series.

The primary origin of these differences can be attributed to
the structural changes induced by the introduction of an N-
linker in heptamethine cyanines. Incorporation of the N-linker
converts the polymethine chain into a bis-dipole configuration,
in which the positive charge at the meso-position becomes
delocalized when an electron-donating substituent is present,
thereby stabilizing the dye and enhancing thermal resistance.””®
In contrast, electron-withdrawing substituents localize the meso-
positive charge, destabilizing the dye and lowering its thermal
stability.

Although Cy-5npeB contains an electron-withdrawing group,
its Ty value is comparable to that of Cy-5npB. This behavior can
be rationalized by considering that aryl-carbonyl systems often
exhibit partial resonance between the ester carbonyl and the
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(a) TGA curves of the synthesized cyanine dyes and (b) first derivative TG curves in the range of initial thermal degradation.

aromatic ring, which increases the torsional barrier and favors
a more planar and rigid conformation. Such resonance-assisted
rigidification can partially offset the destabilizing effect of
meso-charge localization, resulting in a T4 similar to that of
Cy-5npB.>*>>*

To evaluate the thermal stability of the fabricated COP films,
an isothermal heat treatment was carried out. To simulate the
TiO,/SiO, thin-film deposition conditions used in CMOS image
sensor processing, the COP films were baked at 150 °C for
2 h.>"*’ Prior to baking, all films were subjected to a pre-baking
step at 80 °C for 10 min, during which only a slight decrease in
absorbance was observed without noticeable changes in spec-
tral shape (Fig. S1, SI).?® After pre-baking, the films underwent
isothermal heat treatment at 150 °C for 2 h, and the resulting
absorption spectra are shown in Fig. 10. The relative absor-
bance changes at the maximum absorption wavelength are
summarized in Table 8.

In the magnified absorbance plots in Fig. 10(b), Cy-5npnB
exhibits the most pronounced decrease in absorbance. As
summarized in Table 8, while the other dyes retained 78.9-
85.2% of their initial absorbance after thermal treatment, Cy-
5npnB showed a substantial decrease to 47.7%.

Because the glass transition temperature (T,) of the COP
binder (166 °C) is higher than the baking temperature, large-
scale polymer relaxation is unlikely to be responsible for the
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Fig. 10 Change in relative absorbance of NIR-absorbing films before post-baking (solid lines) and after post-baking (symbol lines). (a) Shows the overall
absorbance graph, and (b) is an enlarged view around the maximum absorption wavelength.
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Table 8 Relative absorbance of NIR absorbing films after the post-baking
process

Relative absorbance (4/A,)

NIR absorbing films Pristine Baked
Cy-5npnB 1 0.477
Cy-5npaB 1 0.789
Cy-5npB 1 0.795
Cy-5npeB 1 0.863
Cy-5npcnB 1 0.852

observed spectral changes. Although Cy-5npnB exhibits the high-
est intrinsic decomposition temperature (T4) in TGA measure-
ments, its poor stability in the film state indicates that bulk
thermal decomposition alone cannot explain the spectral changes.

It is also important to note that the TGA measurements were
conducted under an inert nitrogen atmosphere, whereas the
film baking experiments were performed under ambient air.
Thus, the Ty values reflect intrinsic thermal stability in the
absence of oxygen, while the film-state stability may addition-
ally involve environmental susceptibility under oxidative con-
ditions. Considering that Cy-5npn possesses the highest
HOMO energy among the series, it may be more prone to
oxidation during thermal treatment in air. This environmental
difference further explains why the film-state stability does not
directly correlate with the intrinsic T4 values.

Notably, Cy-5npn contains the strongest electron-donating
N-linker among the series. Increased donating strength
enhances push-pull interaction along the polymethine back-
bone and promotes a bis-dipole resonance contribution. The
resulting bis-dipole character reduces effective n-electron delo-
calization and increases bond length alternation (BLA). Indeed,
Cy-5npn exhibits the largest BLA value (2.75 pm), whereas Cy-
5npen shows the smallest (1.25 pm) (Fig. S7 and Table S2, SI).
The increased BLA reflects enhanced electronic asymmetry and
structural polarization along the polymethine chain, which can
strengthen intermolecular interactions and promote aggrega-
tion in the condensed phase.

Furthermore, Cy-5npn possesses the highest HOMO energy
(—5.270 eV), indicating increased electronic destabilization.
Consistent with TD-DFT and RMSD analyses, Cy-5npn shows
the largest geometric deviation between the S, and S; optimized
structures, indicating pronounced excited-state structural reor-
ganization. In a polymer-embedded environment, such intrin-
sic electronic asymmetry and structural flexibility can facilitate
heat-induced molecular rearrangement or aggregation without
requiring chemical bond cleavage.

Therefore, the reduced film-state thermal stability of Cy-
5npnB is more plausibly attributed to aggregation-driven struc-
tural reorganization and environmental susceptibility rather
than simple thermal decomposition. These results highlight
that excessive donating strength can induce bis-dipole charac-
ter, increase BLA, and ultimately compromise film-state stabi-
lity, underscoring the importance of balancing electronic
effects in the molecular design of thermally robust NIR-
absorbing cyanine dyes.
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4. Conclusion

This work establishes a molecular design framework for pre-
cisely tuning mid-band NIR region in benzo[cd]indolenyl hep-
tamethine cyanines through systematic modulation of meso-
position N-linker electronics. By isolating the electronic effect
of the N-linker while maintaining an identical chromophore
core, we demonstrate that LUMO stabilization, Franck-Condon
overlap, and molar absorptivity can be rationally controlled
without altering the fundamental polymethine structure.

Importantly, our results reveal that excessive electron-
donating strength induces bis-dipole character, increases bond
length alternation (BLA), and amplifies Sy/S; geometric distor-
tion, which collectively compromise film-state stability in poly-
mer matrices. This finding highlights that spectral tuning
alone is insufficient; excited-state structural behavior and
matrix-dependent stability must be simultaneously considered
in practical material design.

By integrating electronic structure analysis with thin-film
performance evaluation, this study provides actionable design
principles for developing thermally robust, absorption-type NIR
filters for CMOS image sensors. More broadly, it offers insight
into how subtle electronic perturbations in polymethine sys-
tems govern both optical transitions and condensed-phase
stability, contributing to the rational engineering of functional
NIR materials for optoelectronic and imaging applications.
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