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ABSTRACT: A series of zinc phthalocyanine derivatives (ZnPcs)
were designed by introducing different volumes of steric hindrance
groups (chlorine atom, n-propyloxy, isopropyloxy, n-butoxy,
isobutoxy, tert-butoxy, 2,4-di-tert-butylphenoxy, 2,4-di-tert-pentyl-
phenoxy) on the peripheral and nonperipheral positions of
phthalocyanine. Density functional theory (DFT) calculations
presented that the substitution of sterically hindered 2,4-di-tert-
butylphenoxy or 2,4-di-tert-pentylphenoxy on the peripheral
positions effectively reduced the aggregation of ZnPcs, improving
the solubility of ZnPcs, and the simultaneous substitution on the
peripheral and nonperipheral positions could achieve ZnPcs with
different colors. From the calculation results, six low-aggregation
ZnPcs were synthesized for the first time. The solubilities of the
synthesized ZnPcs are above 6.0/100 g. Furthermore, their color films displayed excellent transmittance because of the introduction
of sterically hindered 2,4-di-tert-butoxyphenoxy or 2,4-di-tert-pentylphenoxy moieties. Also, the color films exhibit great photo and
thermal stability (ΔE < 3).

1. INTRODUCTION
Phthalocyanine derivatives (Pcs) are aromatic heterocyclic
dyes containing 18 delocalized π-electrons and a central cavity
approximately 2.7 Å in diameter.1−3 Due to their high molar
absorption coefficient,4,5 strong electron affinities, and brilliant
color,6,7 they are not only recognized as classical dyes in
practical applications8 but also as modern functional materials
in various fields, including semiconductors,9 solar cells,10 gas
sensors,11 optical data storage devices,12 liquid crystals, and
photosensitizers in photodynamic therapy.13,14 However,
unsubstituted phthalocyanines often form π−π stacking
between molecules, causing aggregation and poor solubility
in organic solvents or water. This aggregation can reduce the
photophysical properties of Pcs,15−17 thus limiting their
practical applications in devices.
A common strategy to reduce aggregation of Pcs is

introducing metal atoms at the center of the phthalocyanine
(M position) (see Figure 1) to regulate the planar
conformation through metal coordination bonds to prevent
π−π stacking effects in the phthalocyanine chromophore.17

For example, metal atoms like titanium and magnesium were
introduced into the phthalocyanine,18−30 and the coordination
bond between the metal atoms and the phthalocyanine led to
the decline in planarity of the molecule and the tendency of
π−π stacking in solution. Among those metal phthalocyanines,
zinc phthalocyanine derivatives (ZnPcs) show a more positive
charge on the center of the phthalocyanine due to the lower
electronegativity of Zn, leading to the higher electric

polarizability for ZnPcs and reducing the intermolecular
aggregation.19,20 In addition, the stability of ZnPcs gets great
improvement by the formation of two covalent bonds and two
coordination bonds at the cavity position between zinc and
phthalocyanine.19−21

Another widely used strategy to mitigate the aggregation of
phthalocyanines (Pcs) involves substitution at their peripheral
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Figure 1. General structure of the Pcs.
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(B, C positions) and nonperipheral (A, D positions) sites (see
Figure 1).21 This modification disrupts the planarity of the Pcs,
effectively reducing intermolecular π−π stacking interac-
tions.22,23 In addition, the peripheral and nonperipheral
position substitution not only decreases aggregation by
disrupting planarity but also significantly alters their
absorbance characteristics, leading to intriguing photophysical
properties.24 For example, simultaneous modification of Pcs’ A,
B and C, D positions by multiple chlorine atoms and bulky
substituents decorated with two methoxy groups reduces the
planarity of the Pcs, as well as changes in the conjugation
system, leading to a significant red shift of the molecule’s
absorption, resulting in novel green Pcs. However, the molar
absorption coefficient of phthalocyanine dyes was seriously
weakened by the introduction of excessive molecular weight
substituents, resulting in the decrease of brightness for color
films.25−29 Notably, the introduction of tert-butyl groups at the
B and C positions of the phthalocyanine ring reduced the
intermolecular distance, resulting in the formation of a novel
type of cyan phthalocyanines (Pcs). The obtained Pcs had
higher fluorescence quantum yields than the unmodified
molecules in the pure films,29−33 reflecting the improved
solubility and high molar absorption coefficient of Pcs by tert-
butyl group. In spite of these successes, some constraints
remain: (1) the distance between individual molecules gets
improved by incorporation of the tert-butyl group, but the
coplanarity of the Pcs is still high, which leads to aggregate
under the solution with high concentration; (2) the poor
solubility limits further solution processing and preparation of
color film.
Herein, a series of zinc phthalocyanine derivatives (ZnPcs)

substituted with chlorine and alkyl-substituted phenoxy groups
were designed and simulated using the Gaussian 16 program.
The aim was to theoretically analyze the impact of sterically
hindered group volumes on the molecular vertical axial
bulkiness, dihedral angles, and absorption spectra of ZnPc
dyes. Based on the simulation results, six ZnPc dyes exhibiting
representative values for vertical axial bulkiness and dihedral
angle were selected to investigate the correlation between their
molecular structures and solubility in PGMEA, as well as their
photophysical properties in both solution and solid states.
Furthermore, to evaluate the practicality of the synthesized
ZnPc dyes, the corresponding color films were prepared using
a spin-coating process. The properties of these films were
investigated to enhance the antiaggregation behavior, as well as
the photostability and thermal stability of the phthalocyanine
dyes in color films.

2. EXPERIMENTAL SECTION
2.1. Materials and Instruments. N-Methyl pyrrolidone

(NMP), 4-nitrophthalonitrile, 4,5-dichlorophthalonitrile, cesi-
um carbonate (Cs2CO3), 2,4-di-tert-butylphenol, 2,4-di-tert-
pentylphenol, propylene glycol monomethyl ether acetate
(PGMEA), and polysulfone (PSU, Mw = 80,000) were
purchased from Sigma-Aldrich.
The analysis of the prepared zinc phthalocyanine derivatives

(ZnPcs) was conducted by employing a suite of analytical
instruments. Nuclear magnetic resonance (NMR) spectra,
specifically the 1H NMR, were documented on a Bruker
Avance III 400 MHz system with tetramethylsilane (TMS) as
an internal reference, whereas the 13C NMR spectra were
captured on the same model’s 600 MHz setup, also utilizing
TMS. Mass determination of the ZnPc derivatives was

accomplished through MALDI-TOF mass spectrometry.
Infrared spectra were registered on a Jasco FTIR-430 device
with potassium bromide (KBr) pellets. Thermogravimetric
analysis (TGA) was conducted in a nitrogen environment at a
ramp rate of 10 °C/min using a TGA Q500 apparatus.
Absorption spectra in the ultraviolet−visible region were
recorded with an Agilent 8453 spectrophotometer. Film
fabrication was achieved by spin-coating the ZnPc solution
onto a transparent glass substrate by employing a MIDAS
SPIN-1200D device. The transmittance spectra of the ZnPc
dye-based films were quantified before and after irradiation
using a U-4100 spectrophotometer.30

2.2. Geometric Optimization of the Designed Zinc
Phthalocyanine Derivatives (ZnPcs). The synthesis of
phthalocyanines involved the incorporation of chlorine and
various substituents, such as alkoxy and alkyl-substituted
phenoxy, at the peripheral sites of the phthalocyanine
macrocycle. Phthalocyanines with alkoxy or alkyl-substituted
phenoxy modifications at peripheral sites were further
functionalized with varying quantities of chlorine at non-
peripheral sites to synthesize novel ZnPc dyes. The structural
characterization and theoretical determination of their
absorption were performed by employing the B3LYP functional
with Cam-B3LYP basis sets in Gaussian 16 software. The
dihedral angle between the substituents and the plane of the
isoindole ring in the ZnPc dyes was extracted from the
optimized geometric structures. Additionally, the molecular
bulkiness along the axial direction (for C-1a to C-7a, C-1b to
C-7b, and C-1c to C-7c) and the volume of various groups,
including n-propyloxy, isopropyloxy, n-butyloxy, isobutoxy,
tert-butyloxy, 2,4-di-tert-butylphenoxy, and 2,4-di-tert-pentyl-
phenoxy, were computationally assessed.
2.3. Synthesis. 2.3.1. Synthesis of the Compound 6a. For

the synthesis of compound 6a, the reactants included 4-
nitrophthalonitrile (7.0 g, 0.04 mol), cesium carbonate
(Cs2CO3, 15.6 g, 0.046 mol) in an anhydrous form, and 2,4-
di-tert-butylphenol (9.5 g, 0.046 mol). They were mixed in
anhydrous dimethylformamide (DMF, 120 mL), and the
resulting suspension was heated to 80 °C for 12 h. After the
reaction was complete, the mixture was cooled in an ice bath
and then filtered over ice to yield a powdery crude product.
The crude product was purified using column chromatography
with a 1:1 ethyl acetate to petroleum ether eluent, yielding
compound 6a with an Rf of 0.79 and 97% yield.
2.3.2. Synthesis of Compound 7a. For the synthesis of

compound 7a, the ingredients comprised 4-nitrophthalonitrile
(7.0 g, 0.04 mol), arid cesium carbonate (Cs2CO3, 15.6 g,
0.046 mol), and 2,4-di-tert-pentylphenol (9.6 g, 0.046 mol).
They were combined in anhydrous dimethylformamide (DMF,
120 mL) and heated to 80 °C for 12 h. After the reaction, the
mixture was cooled in an ice bath, and then the precipitate was
collected by filtration through an ice-water medium (80 mL),
yielding a powdery residue. The residue was refined via column
chromatography with a 1:1 ratio of ethyl acetate to petroleum
ether as the eluent, leading to the acquisition of compound 7a
with an Rf value of 0.79 and a 95% yield.
2.3.3. Synthesis of Compound 6b. For the synthesis of

compound 6b, the utilized reactants included 4,5-dichloroph-
thalonitrile (7.2 g, 0.04 mol), cesium carbonate devoid of water
(Cs2CO3, = 15.6 g, 0.046 mol), and 2,4-di-tert-butylphenol
(9.5 g, 0.046 mol). These components were mixed in
anhydrous dimethylformamide (DMF, 120 mL), and the
resulting suspension was maintained at 80 °C for 12 h. After

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c08931
ACS Omega 2024, 9, 50774−50785

50775

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the reaction was completed, the mixture was cooled in an ice
bath. The cooled suspension was then filtered through an ice-
water medium to yield a powdery crude product. The crude
product was further purified by column chromatography using
a 1:3 mixture of ethyl acetate and petroleum ether as the the
eluent, resulting in a purified compound 6b with an Rf of 0.73
and a 90% yield.19

2.3.4. Synthesis of Compound 7b. A variety of substances
were employed: 4,5-dichlorophthalonitrile (7.2 g, 0.04 mol),
anhydrous cesium carbonate (Cs2CO3, 15.6 g, 0.046 mol), and
2,4-di-tert-pentylphenol (9.6 g, 0.046 mol). These components
were mixed in dry dimethylformamide (DMF, 120 mL) and
subjected to heating at 80 °C for a duration of 12 h.
Postreaction, the blend was cooled using an ice-water mixture.
Subsequently, the mixture was passed through a filtration setup
on ice to isolate a granular byproduct. This byproduct was then
refined via column chromatography using the eluent of ethyl
acetate to petroleum ether in a 1:3 ratio, resulting in the
isolation of compound 6a with an Rf value of 0.793 and a yield
of 85%.
2.3.5. Synthesis of Compound 6c. For the synthesis of

compound 6c, the following ingredients were utilized: 3,4,5,6-
tetrachlorophthalonitrile (7.2 g, 0.04 mol), anhydrous cesium
carbonate (Cs2CO3, 15.6 g, 0.046 mol), and 2,4-di-tert-
butylphenol (9.5 g, 0.046 mol). These substances were
blended in dehydrated dimethylformamide (DMF, 120 mL),
and the reaction was warmed to 80 °C for 12 h. Once the
reaction was complete, the mixture was cooled in an ice bath.
The cooled mixture was then passed through a filtration
medium with ice water (80 mL) to precipitate the raw product
in a powdered form. The raw powder was further purified
using column chromatography with a the eluent of ethyl
acetate and petroleum ether in a 1:4 ratio, which resulted in
the isolation of the purified product with an Rf value of 0.88
and a yield of 84%.19

2.3.6. Synthesis of Compound 7c. In the creation of
compound 7c, the following substances were utilized: 3,4,5,6-
tetrachlorophthalonitrile (7.2 g, 0.04 mol), anhydrous cesium
carbonate (Cs2CO3, 15.6 g, 0.046 mol), and 2,4-di-tert-
pentylphenol (9.6 g, 0.046 mol). These were mixed in
anhydrous dimethylformamide (DMF, 120 mL), and the
reaction was warmed to 80 °C for 12 h. After the reaction had
concluded, the mixture was cooled in an ice bath to lower its
temperature. The cooled mixture was then filtered through a
medium with ice water (80 mL) to precipitate the raw product
in a granular form. The raw granules were purified using
column chromatography with a the eluent of ethyl acetate and
petroleum ether in a 1:4 ratio, resulting in the pure product
with an Rf value of 0.92 and a yield of 86%.19

2.3.7. Synthesis of the Designed ZnPc Dye C-6a. Initially,
6a (26.6 g, 0.08 mol, 332 g/mol) and ZnCl2 (2.64 g, 0.08 mol,
136 g/mol) were mixed in 100 mL of 1-pentanol, and the
solution was heated to 150 °C. DBU (1.50 g, 0.001 mol, 152
g/mol) was incrementally added, and stirring was continued
for 5 h under nitrogen. Upon cooling, the reaction mixture was
poured into 100 mL of methanol to precipitate the product.
The resulting solid was filtered, dried at 50 °C under vacuum,
and then purified by silica gel column chromatography with
ethyl acetate as the eluent (Rf = 0.11), resulting in a 77% yield
of the purified compound.
2.3.8. Synthesis of the Designed ZnPc Dye C-6b. 6b (27.8

g, 346 g/mol, 0.08 mol) and ZnCl2 (2.64 g, 136 g/mol, 0.08
mol) were combined in 1-pentanol (100 mL) and heated to

150 °C. DBU (1.50 g, 152 g/mol, 0.001 mol) was introduced
dropwise, and the mixture was stirred for 5 h under nitrogen.
Postreaction, the mixture was cooled, and the crude product
was isolated by adding it to methanol (100 mL). The solid was
then dried at 50 °C under a vacuum. Purification was achieved
through column chromatography on silica gel with ethyl
acetate as the eluent, yielding the product with an Rf of 0.12
and an 89%.
2.3.9. Synthesis of the Designed ZnPc Dye C-7a. In the

preparation of 7a, the compound (28.8 g, 360 g/mol, 0.08
mol) was combined with ZnCl2 (2.64 g, 136 g/mol, 0.08 mol)
in 100 mL of 1-pentanol and the mixture was heated to 150
°C. DBU (1.50 g, 152 g/mol, 0.001 mol) was introduced drop
by drop, and the solution was agitated for 5 h under nitrogen.
Postcooling, the mixture was transferred to 100 mL of
methanol to induce precipitation. The precipitated solid was
then dried under vacuum at 50 °C. Purification of the product
was achieved through column chromatography on silica gel
with ethyl acetate as the eluent (Rf = 0.12), resulting in an 89%
yield.
2.3.10. Synthesis of the Designed ZnPc Dye C-7b. 29.6 g

(374 g/mol, 0.08 mol) of 7b and 2.64 g (136 g/mol, 0.08 mol)
of ZnCl2 were dissolved in 100 mL of 1-pentanol, and the
solution was heated to 150 °C. DBU (1.50 g, 152 g/mol, 0.001
mol) was incrementally added, and the mixture was stirred for
5 h under nitrogen. Upon cooling, the reaction was quenched
by adding the mixture to 100 mL of methanol to form a
precipitate. The precipitate was then dried under vacuum at 50
°C. The purification process involved silica gel column
chromatography with ethyl acetate as the eluent, yielding a
final product with an Rf of 0.12 and an 88% yield.
2.3.11. Synthesis of the Designed ZnPc Dye C-6c. 29.6 g

(374 g/mol, 0.08 mol) of 6c and 2.64 g (136 g/mol, 0.08 mol)
of ZnCl2 were combined in 100 mL of 1-pentanol, and the
temperature was raised to 150 °C. DBU (1.50 g, 152 g/mol,
0.001 mol) was introduced gradually, and the mixture was
agitated for 5 h under nitrogen. Once cooled, the crude
product was formed by adding the mixture to 100 mL of
methanol. The resulting solid was then vacuum-dried at 50 °C.
Purification was conducted via silica gel column chromatog-
raphy with a 1:3 ethyl acetate to petroleum ether solvent
system, achieving an Rf of 0.25 and a 69% yield of the purified
product.
2.3.12. Synthesis of the Designed ZnPc Dye C-7c. A

quantity of 33.6 g (molar mass 402 g/mol, 0.08 mol) of
compound 7c and 2.64 g (molar mass 136 g/mol, 0.08 mol) of
zinc chloride were combined in a solution of 100 mL of 1-
pentanol, and the solution was warmed to 150 °C. Dibutyl-
amine (DBU, 1.50 g, molar mass 152 g/mol, 0.01 mol) was
gradually added, and the mixture was agitated for 5 h in an
atmosphere of nitrogen. Upon cooling, the crude product was
caused to precipitate by mixing the solution with 100 mL of
methanol. The precipitated solid was then dried under vacuum
at 50 °C. The purification process involved silica gel column
chromatography using the eluent of ethyl acetate to petroleum
ether in a 1:3 ratio, which resulted in an Rf value of 0.25 and a
yield of 77% for the purified product.
2.4. UV−vis Absorption Spectra of the Synthesized

ZnPc Dyes. A solution with the synthesized ZnPc derivatives
in PGMEA was formulated. The molar extinction coefficients
for these ZnPc dyes were determined using the Lambert−Beer
law, as shown in eq 1
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=A dc (1)

where A is the absorbance intensity, ε is the molar absorption
coefficient (L·mol−1·cm−1), c is the concentration of the
solutions (mol·L−1), and d is the thickness of the cuvette (cm).
2.5. Determination of the Solubility of the Synthe-

sized ZnPcs in PGMEA. ZnPc dyes weighing 15 g were
mixed with PGMEA (100 g) at a temperature of 25 °C to form
a solution. This solution underwent sonication for 10 min and
was then allowed to settle for 48 h. Following triple filtration,
the weight of the filtrate was recorded on an accurate analytical

scale. The filtrate was subsequently evaporated in a vacuum
oven at 80 °C and a pressure of 2.7 Pa for 7 days. The mass of
the leftover solid was also measured using the same scale. The
dye’s solubility at 25 °C was then computed employing a
designated formula.30

=S
m

m m
100 residue

filtrate residue (2)

2.6. Preparation of the Synthesized ZnPc Dye-Based
PSU Films. The ZnPc dispersion was formulated by

Figure 2. Geometrically optimized structure of the designed ZnPc dyes (dihedral angle of the plane of substituents to the ZnPcs’ isoindole ring
plane).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c08931
ACS Omega 2024, 9, 50774−50785

50777

https://pubs.acs.org/doi/10.1021/acsomega.4c08931?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08931?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08931?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08931?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


integrating 0.005 g of synthesized ZnPc dyes and 0.40 g of
PSU binder into 50 g of PGMEA. This mixture was applied
onto a clear glass slide via a spin-coater operating at 500 rpm
for a duration of 20 s. The resultant ZnPc-based films were
subjected to thermal treatment at 80 °C for 20 min, followed
by a higher temperature of 200 °C for 60 min. Post each drying
phase, the chromatic attributes of the films were quantified
using an advanced colorimeter. The proportion of ZnPc dyes
in the films was approximately 1.25% by weight.30

2.7. Thermal Stability Measurement for the Synthe-
sized ZnPc Dyes. The heat resistance of the synthesized
ZnPc dyes was evaluated through thermogravimetric analysis
(TGA). Initially, the dye sample was heated to 230 °C for 30
min to mimic the conditions encountered during the
production of color films, after which the temperature was
elevated to 350 °C to determine the onset of thermal
breakdown. The temperature was increased at a rate of 10
°C per minute in a nitrogen atmosphere devoid of oxygen.30

2.8. Determination of Thermal Stability and Photo-
stability of the Synthesized ZnPc Dye-Based Color
Films. The color difference (ΔE) of the films was measured
before and after being baked at 230 °C. The films’ resilience to
light-induced deterioration was tested by subjecting them to a
365 nm LED light source. The intensity of the ZnPc-based
films was set to 20 mW·cm−2 by adjusting the distance from
the light source, followed by a 5 min illumination period. The
spectral transmission of the ZnPc-based films was documented
with a spectrophotometer both before and after exposure, and
the ΔE values were calculated, respectively. It is anticipated
that these films will retain their properties over a long duration
under typical conditions. The ΔE values for the dyes were
derived by using eq 3.

= [ + + ]E a b L( ) ( ) ( )2 2 2 1/2 (3)

Within the equation, L signifies the luminance, a signifies the
chromatic coordinate along the red-green axis, and b denotes
the chromatic coordinate along the yellow-blue axis. The color
difference, denoted as ΔE, is categorized based on the
following criteria: ΔE ≤ 1 suggests negligible variation; 1 <
ΔE ≤ 2 implies a minimal perceptible change; 2 < ΔE ≤ 3.5
signifies moderate divergence; 3.5 < ΔE ≤ 6 indicates a
significant discrepancy; and ΔE > 6 denotes a substantial
difference.1

3. RESULTS AND DISCUSSION
3.1. Geometry Optimization and TD-DFT Calculations

of the ZnPc Dyes. As mentioned above, nonperipheral (A,
D) and peripheral (B, C) substituents in phthalocyanine rings
are commonly employed strategies for reducing the aggrega-
tion of Pcs dyes. Accordingly, ZnPc dyes with different
substituents at both the A, D sites and the B, C sites (refer to
Figure 2) were conceptualized. These configurations were
modeled with Gaussian 16 software to assess the impact of
bulky groups on the aggregation tendencies of the ZnPc dyes.
Furthermore, the torsional angles and the longest absorption
wavelengths of the conceptualized ZnPc dyes were scrutinized
using the Cam-B3LYP method of the Gaussian 16 suite,
utilizing the 6-311G(d) basis set, as depicted in Figure 2.30,34

The calculation results and the simulated spectra are shown in
Table S1, respectively.35

DFT calculations were conducted to optimize the structure
of ZnPc dyes substituted by alkoxy groups with different

volumes, and the results are shown in Figure 2. Based on the A
and D positions as H atoms, different substituents (the vertical
axial bulkiness of n-propyloxyl (2.770 Å), isopropyloxyl (3.565
Å), n-butoxy (2.783 Å), isobutoxy (4.471 Å), tert-butoxy
(4.507 Å), 2,4-di-tert-butylphenoxy (9.087 Å), 2,4-di-tert-
pentylphenoxy (9.134 Å)) were introduced to the B and C
positions of phthalocyanine to get ZnPc dyes (C-1a, C-2a, C-
3a, C-4a, C-5a, C-6a, C-6a, and C-7a). (Table S2) The vertical
axial bulkiness of the ZnPc dyes was found to be 2.770, 4.720,
2.778, 4.786, 4.839, 9.095, and 9.134 Å, respectively. This
trend can be attributed to the increasing volume of the
peripheral groups, indicating that the vertical axial bulkiness of
2,4-di-tert-pentylphenoxy and 2,4-ditert-butylphenoxy is greater
than that of tert-butoxy, which is in turn larger than isobutoxy,
n-butoxy, and other alkoxy groups. Similarly, the vertical axial
bulkiness of the monochloro-substituted ZnPc dyes (C-1b, C-
2b, C-3b, C-4b, C-5b, C-6b, C-7b) is 2.023, 4.799, 2.164,
4.853, 4.928, 9.136, and 9.254 Å, respectively, while the
trichloro-substituted ZnPc dyes (C-1c, C-2c, C-3c, C-4c, C-5c,
C-6c, C-7c) exhibit values of 3.196, 5.945, 3.298, 5.998, 6.325,
10.340, and 10.480 Å, respectively. The increase in vertical
axial bulkiness can be attributed to the steric effects of the
different substituents. These bulkier substituents likely reduce
intermolecular interactions, such as π−π stacking between
phthalocyanine molecules, by causing greater steric strain.
Apart from the vertical axial bulkiness of the ZnPc dyes, the

effect of substituent volume on the dihedral angle, which
reflects the noncoplanarity of the molecules, was also
examined. The twisted angles or dihedral angles, representing
the angle between the plane of the substituents and the
isoindole ring plane of the phthalocyanine, were found to be
>80° for ZnPc dyes substituted with phenoxy groups at the B
and C positions. These values were higher than those observed
for ZnPc dyes substituted with tert-butoxy groups, which had
dihedral angles of approximately 60°. This suggests that the
phenoxy substituents induce a greater noncoplanarity in the
ZnPc structure compared to the tert-butoxy substituents. In
addition, among the alkoxy-substituted ZnPc dyes, the tert-
butoxy-substituted ZnPc dyes had greater twisted angles than
the other alkoxy-substituted ZnPc dyes (∼50°). This could be
due to the fact that the volume of phenoxy is larger than that of
tert-butoxy (Table S2), which is larger than that of the other
alkoxy substituents, resulting in a change in the dihedral angle
of the ZnPc dyes. In addition, the twist angle of the substituent
planes of the monochloro-substituted ZnPc dyes (C-1b, C-2b,
C-3b, C-4b, C-5b, C-6b, C-7b) are larger (∼59°) than those of
the nonchloro-substituted ZnPc dyes (C-1a, C-2a, C-3a, C-4a,
C-5a, C-6a, C-7a) (∼58°). This is because the size of the atom
Cl (atomic radius 0.99 Å) adjacent to the substituent group is
larger than that of H (atomic radius 0.58 Å), and the
occupation of the substituent group by the larger size atoms in
the neighboring positions of the phthalocyanine ring can
increase the dihedral angle of phthalocyanine core, torsion
angle.32 As the dihedral angle of the ZnPc dyes increases, the
noncoplanarity of the molecules also increases, resulting in a
greater distance between individual molecules. The increase in
molecular separation effectively reduces intermolecular inter-
actions, such as π−π stacking, between the phthalocyanine
molecules.30 As a result, the reduction in these interactions
contributes to the improved solubility of the ZnPc dyes.
In addition, as shown in Figure 2, the torsion angle of ZnPc

dyes (C-1a−C-7a, C-1b−C-7b) with H atoms at A and D
positions are close to 1°, presenting a planar structure, while
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the torsion angle of ZnPc dyes C-1c−C-7c, whose A and D
positions were substituted by chlorine atoms, are 9°,
presenting a noncoplanar saddle structure. This is due to the
repulsive effect between the neighboring Cl atoms at the A and
D positions, which leads to an increase in the spatial strain and
the dihedral angle of the core structure for the phthalocyanine
molecule. This suggests that the substituents at the A and D
positions have a significant effect on the configuration of the
phthalocyanine ring. The resulting distorted structure
introduces spatial separation within the ZnPcs conjugated
system, which weakens the π−π-stacking interactions between
the ZnPcs molecules. As a result, this reduction in
intermolecular interactions contributes to an enhancement in
the solubility of ZnPc dyes.
Furthermore, to theoretically verify the feasibility of ZnPc

dyes, the maximum absorption wavelength of the designed
ZnPc dyes was calculated by TD-DFT and displayed in Table
S1. ZnPc dyes C-1a−C-7a and C-1b−C-7b had a similar
maximum absorption wavelength (616 nm), whereas the
maximum absorption wavelength of C-1c−C-7c (654 nm) was
red-shifted over 30 nm. This can be attributed to the varying
electron-withdrawing abilities of the substituents (σpCl = 0.23,
σpH = 0) (Table S3). The introduction of chlorine (Cl) at the
A and D positions of the phthalocyanine ring increases the

electron density of the isoindole ring, causing the molecular
configuration to transition from a planar to a distinct saddle-
like structure. This structural change enhances the electron
density across the entire π-conjugated system, which in turn
broadens the absorption spectrum into the near-infrared
region, leading to a longer absorption wavelength.
Based on the above results, representative ZnPc dyes with

large dihedral angles and vertical axial bulkiness�namely C-
6a, C-7a, C-6b, C-7b, C-6c, and C-7c�were chosen as
candidates for synthesis and for analyzing the correlation
between their structures and properties.
3.2. Synthesis, Solubility, and Absorbance Spectra of

the Designed ZnPc Dyes. Six ZnPc dyes with varying
volumes of sterically hindered substituents at their peripheral
positions were designed and synthesized, as illustrated in
Scheme 1. The synthesis of each precursor (6a, 7a, 6b, 7b, 6c,
and 7c) involved a nucleophilic aromatic substitution reaction
between phthalonitrile derivatives (4-nitrophthalonitrile,
3,4,5,6-tetrachlorophthalonitrile, and 4,5-dichlorophthaloni-
trile) and nucleophilic reagents (2,4-ditert-butylphenol and
2,4-di-tert-pentylphenol). The ZnPc dyes (C-6a, C-7a, C-6b,
C-7b, C-6c, and C-7c) were subsequently synthesized through
the cyclotetramerization of these precursors. All synthesized
products were purified via column chromatography, yielding

Scheme 1. Synthetic Route of the Designed ZnPcs
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products in the range of 60 to 90%. Comprehensive details of
the structural characterization, including FTIR spectra, NMR
spectra, and MALDI-TOF mass spectra, are presented in
Figures S1−S30.
The solubility of the novel ZnPc dyes, which vary in the size

of the sterically hindered substituents, was investigated using
PGMEA as the solvent. PGMEA is commonly used as an
industrial solvent in the preparation of color films.30 The
solubility results are presented in Table 1. At 25 °C, the

solubilities of C-6a, C-7a, C-6b, C-7b, C-6c, and C-7c in
PGMEA were found to be 7.73, 7.80, 7.81, 7.87, 8.32, and 8.40
g/100 g, respectively. This enhanced solubility can be
attributed to the presence of bulky groups such as 2,4-di-tert-
butylphenoxy and 2,4-di-tert-pentylphenoxy at the B and C
positions of the ZnPc dyes. The significant steric hindrance
and reduced planarity caused by these substituents with high
vertical axial bulkiness (∼9.000 Å) contribute to the high
solubility of the synthesized dyes in PGMEA. The decrease in
molecular planarity and the increase in disorder hinder the
packing of ZnPc molecules, which in turn enhances their
solubility. Furthermore, the solubility of the ZnPc dyes in
PGMEA follows the order: C-7c > C-6c > C-7b > C-6b > C-7a

> C-6a. This suggests that a larger dihedral angle in the
phthalocyanine structure (as shown in Table S1) corresponds
to an increased solubility. The larger dihedral angle reduces
intermolecular interactions, leading to lower aggregation of the
ZnPc dyes.5 In addition, the solubilities of C-7a, C-7b, and C-
7c are larger than that of C-6a, C-6b, and C-6c, which is
attributed to the larger vertical axial bulkiness of C-7a, C-7b,
and C-7c, this is consistent with the DFT calculation results,
where the torsion angle of ZnPc dyes (C-6a, C-7a, C-6b, C-7b)
with H atoms at A and D positions are close to 1°, presenting a
planar structure, while the torsion angle of ZnPc dyes C-6c and
C-7c, whose A and D positions were substituted by chlorine
atoms, are 9°, presenting a noncoplanar saddle structure. As a
result, the increase in the molecular dihedral angle and vertical
axial bulkiness contributes to the enhanced solubility of ZnPcs.
The UV−visible absorption spectra of the six synthesized

ZnPc dyes in PGMEA were measured at concentrations
ranging from 0 to 50 μmol·L−1. In a previous study, the
addition of DMF caused the absorbance spectra of the ZnPc
dyes in PGMEA to exhibit a broad band around 740 nm, which
was attributed to J-aggregated structures.29 However, the
absorbance spectra of the six ZnPc dyes in PGMEA solutions
maintained their single-molecule characteristics at a concen-
tration of 50 μmol·L−1 (Figures 3 and S31), suggesting that
only a minimal amount of aggregation occurred in the solution.
Significantly, the molar absorption coefficients of the six ZnPc
dyes were determined via the Lambert−Beer law, with readings
surpassing 1.6 × 105 mol−1·cm−1 (refer to Table 1). This
suggests that the inclusion of substituents such as 2,4-di-tert-
butylphenol and 2,4-di-tert-pentylphenol not only curtailed the
intermolecular clumping of phthalocyanine molecules but also
maintained the high molar absorption coefficients of the dyes.
The molar extinction coefficients of dyes C-6c and C-7c (∼1.6
× 105 mol−1·cm−1) were lower than those of C-6a, C-7a, C-6b,
and C-7b (∼2.6 × 105 mol−1·cm−1), likely due to the larger
dihedral angles of C-6c and C-7c.36,37 This larger angle reduces
the molecular conjugation, leading to a lower molar extinction
coefficient.

Table 1. Maximum Absorption Wavelength, Solubility, and
Molar Extinction Coefficients of the Synthesized ZnPcs in
PGMEA

ZnPc dyes
maximum absorption
wavelength λmax (nm)

solubility
(g/100 g)

molar extinction
coefficient εmax
(L·mol−1·cm−1)

C-6a 678 7.73 261,660
C-7a 678 7.80 261,300
C-6b 679 7.81 261,150
C-7b 679 7.87 260,830
C-6c 712 8.32 168,890
C-7c 712 8.40 166,760
C.I.
Pigment
Green 7

0 0

Figure 3. UV−vis absorbance spectra of the synthesized ZnPc dyes in PGMEA.
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In order to study the photophysical properties of the
synthesized ZnPc dyes, their UV−vis absorption spectra were
recorded in PGMEA. As illustrated in Figure 4, all six
synthesized dyes exhibit characteristic Q-band (600−720 nm)
and B-band (300−400 nm) absorption spectra typical of
phthalocyanines.29 The Q-band absorption arises from π → π*
electronic transitions within the conjugated π system of the

phthalocyanine ring, while the B-band absorption corresponds
to higher-energy transitions, primarily attributed to π → π*
transitions involving the outer π orbitals of the phthalocyanine
core. All of the synthesized dyes show maximum absorption
within the 600−720 nm range, resulting in different colors of
cyan and green. Among these dyes, C-6a, C-6b, C-7a, and C-7b
exhibit identical maximum absorption at 678 nm, which is

Figure 4. Thermogravimetric analysis (TGA) of the synthesized ZnPc dyes. (a) Dyes were heated to 350 °C; (b) ZnPc dyes were heated to 230
°C, maintained at that temperature for 30 min, and then further heated to 240 °C.

Figure 5. Characterization of the novel color films. (a) Transmittance spectra of the composite films prepared using the synthesized ZnPc dyes (C-
6a, C-7a, C-6b, C-7b, C-6c, C-7c) and the commercial filter pigment (C.I. Pigment Green 7) at the same mass fraction (1.25 wt %); (b)
Transmittance of the ZnPc and commercial filter pigment-based films (1.25 wt %); (c) Optical images of the C-6a, C-7a, C-6b, C-7b, C-6c, C-7c,
and commercial pigment-based films (1.25 wt.%).
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consistent with the time-dependent density functional theory
(TD-DFT) calculation results. In dyes C-6b and C-7b, the
number of substituents at the peripheral positions doubles
from four to eight compared to those in dyes C-6a and C-7a.
Despite this difference, the maximum absorption wavelength
remains unchanged, suggesting that variations in the electron-
donating power of chlorine substituents at the peripheral
positions do not significantly influence the optical absorption
wavelength. However, in dyes C-6c and C-7c, the Q-band
absorption shifts to 712 nm, approximately 30 nm longer than
that observed in dyes C-6a, C-6b, C-7a, and C-7b. This trend
aligns with the TD-DFT calculations (Table S1) and is
attributed to the presence of substituents at nonperipheral
positions. The introduction of these substituents induces a
twist in the molecular geometry, resulting in a saddle-shaped
conformation.29 This structural change alters the electron
density distribution within the isoindole ring of the
phthalocyanine core, leading to a reduction in the molecular
absorption coefficient and a red shift in the Q-band to longer
wavelengths.
3.3. Thermal Stability of the Synthesized ZnPc Dyes.

For phthalocyanine dyes employed in optical instruments,
ensuring both optical and thermal stabilities is crucial. To
evaluate thermal stability, thermogravimetric analysis (TGA)
was conducted (Figure 4), with the corresponding data
presented in Table S4. The six synthesized ZnPc dyes
exhibited decomposition temperatures (Td) exceeding 230
°C (Figure 4a). This high thermal stability can be attributed to
the enhanced dynamic flexibility of the alkyl chains within the
molecular structure.21 When dye molecules absorb energy and
become excited, the energy of the excited state can be
dissipated through the vibration and rotation of the flexible
alkyl chains, which is subsequently converted into heat via
internal conversion.33 The six ZnPc dyes demonstrated
excellent heat resistance, with weight losses of less than 3.0
wt %, as shown in Figure 4b. Specifically, the mass losses of C-
6a, C-7a, C-6b, C-7b, C-6c, and C-7c after baking at 230 °C for
30 min were 0.15, 0.17, 0.13, 0.11, 2.70, and 2.21%,
respectively (Table S4). The thermal stability of these dyes
followed the order: C-7a > C-6a > C-7b > C-6b > C-7c > C-6c.

This trend aligns with the dihedral angle and vertical axial
length data presented in Figure 2. The more planar structures
of C-6a, C-7a, C-6b, and C-7b exhibited superior stability
compared with C-6c and C-7c. The higher bulkiness of the
molecular structures reduces intermolecular interactions,
resulting in lower crystallinity and enhanced thermal
resistance.27 As a result, the increase in molecular bulkiness
may reduce the stability against thermal degradation. However,
all of the prepared ZnPc dyes exhibit a mass loss of less than
5%, which satisfies the thermal stability requirements for the
preparation of color film materials.21

3.4. Properties of the ZnPc Dye-Based Color Films.
Polysulfone (PSU) with high transmittance was considered as
a potential polymer binder for color films. The thermal stability
of the polymer binder was investigated by TGA and DSC
analyses, the curves of which are shown in Figure S32. The
unaltered PSU films, which had not undergone baking,
exhibited a transmission rate exceeding 90% across the
wavelength spectrum from 400 to 800 nm. Furthermore, the
transmission rate of the PSU films remained stable at
approximately 90% even after being subjected to a baking
process at 230 °C. The six ZnPc dye-derived color films that
were synthesized were examined for their optical characteristics
and thermal stability. C.I. Pigment Green 7 (refer to Figure
S33), a readily accessible pigment frequently employed as a
filter in color film applications, was chosen as a benchmark.
The transmission spectra and optical microscopic images of the
synthesized ZnPc dye-based color films, along with the
commercial pigment film (C.I. Pigment Green 7) at a 1.25
wt % concentration, are depicted in Figure 5a−c, respectively.
The transmittance spectra and corresponding results are

presented in Figure 5a,5b, demonstrating that the trans-
mittance of ZnPc dye-based color films (>90%) was
significantly higher than that of commercial pigment-based
films (48%). This enhanced transmittance could be attributed
to the superior dispersion characteristics of the synthesized
ZnPc dyes in PSUs, compared to C.I. Green Pigment 7, which
minimizes optical losses caused by scattering effects. Addition-
ally, when the six novel color films were placed over black
paper, the black characters remained visible under normal

Figure 6. Transmittance spectra of six synthesized ZnPc dye-based color films before and after baking (1.25 wt %).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c08931
ACS Omega 2024, 9, 50774−50785

50782

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08931/suppl_file/ao4c08931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08931/suppl_file/ao4c08931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08931/suppl_file/ao4c08931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08931/suppl_file/ao4c08931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08931/suppl_file/ao4c08931_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08931/suppl_file/ao4c08931_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08931?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08931?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08931?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08931?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08931?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


incident light, as shown in Figure 5c. These results suggest that
the incorporation of substituents into phthalocyanine
structures can markedly enhance the transmission properties
of the color films. In order to assess thermal stability, the
transmission levels of the color films were gauged both prior to
and following a 30 min baking process at 230 °C. As shown in
Figure 6, there was minimal change in the transmittance of the
color films post baking, indicating the excellent thermal
stability of the synthesized ZnPc dye-based films. This result
aligns with the TGA and differential scanning calorimeter
measurements, which demonstrated the high thermal decom-
position temperature (Td) and glass transition temperature
(Tg) of PSU, attributed to the strong intermolecular forces
induced by its stable monomeric structure.36 The strong π−π
interactions between the phthalocyanine ring and its
conjugated groups, the benzene ring of the substituent
group, and the aromatic ring in the main chain of the PSU
polymer, along with the incorporation of alkyl chains in the
substituent groups, enhance the compatibility of the
phthalocyanine molecules with the polymer matrix. This
restricts the movement of dye molecules in the film, thereby
preventing dye aggregation and improving the thermal stability
of the color films.37

The color difference (ΔE) of the color films before and after
baking was calculated to further assess their thermal stability.
As shown in Table S5, the ΔE values of the six synthesized
ZnPc dye-based color films are all well below 3, meeting the
industrial standard requirements.21

Furthermore, The photostability of the six ZnPc dye-based
color films that were synthesized was tested under exposure to
an LED lamp emitting at a 365 nm wavelength. As illustrated
in Figure 7, the transmission spectra of all six ZnPc dye-based
films showed consistency, with the color difference (ΔE)
staying under 3, as detailed in Table S6, even as the duration of
exposure to the LED lamp increased. This minimal ΔE
indicates that the films experienced negligible color changes
that were imperceptible to the naked eye. Consequently, these
six synthesized ZnPc dyes demonstrate high photostability
comparable to commercial pigments, making them suitable for
the preparation of cyan and green transparent films.32

4. CONCLUSIONS
In conclusion, the introduction of 2,4-di-tert-butylphenoxy,
2,4-di-tert-pentylphenoxy on the peripheral positions, along
with varying numbers of chlorine atoms at the nonperipheral
positions, enhances the molecular noncoplanarity and reduces
the intermolecular aggregation of the zinc phthalocyanine dyes
(ZnPcs). This modification results in the development of six
highly soluble novel ZnPc dyes: C-6a, C-6b, C-7a, C-7b, C-6c,
and C-7c, with solubility values of 7.81, 7.87, 7.73, 7.80, 8.32,
and 8.40 g/100 g in PGMEA, respectively. Additionally, the
variation in the number of chlorine atoms at the nonperipheral
positions alters the photophysical properties of the ZnPc dyes,
yielding cyan-colored dyes (C-6a, C-7b, C-6b, C-7b) and
green-colored dyes (C-6c, C-7c). Additionally, the color films
created with the six synthesized ZnPc dyes and PSU
demonstrated remarkable photothermal stability (Td exceeding
230 °C, color difference ΔE less than 3) under industrial
production conditions. Such materials hold great potential for
use in organic electronic devices.
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Figure 7. Transmittance spectra of six synthesized ZnPc dye-based color films before and after irradiation (1.25 wt %).
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