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Nowadays, the photosensitivity of certain molecules, particularly phthalocyanines (Pcs), is well-studied.
This field has made much progress, and several practical applications exist for these molecules. In this
study, p-phenyleneethynylene-bridged two ZnPc dimers containing either bulky tert-butyl (GT57) or
tert-butyl thiol (GT60) substituents at the peripheral position were synthesized as a novel donor
component for bulk heterojunction (BHJ) solar cell applications. The molecular structure and
photophysical properties of dimeric ZnPc derivatives were investigated by combined experimental and
theoretical studies. The density functional theory (DFT) method was employed with B3LYP functional
and the def2-SVP basis set to examine the designed complexes and calculate geometrical parameters
and natural transition orbitals (NTOs). Additionally, the time-dependent density functional theory
(TD-DFT) method was employed to investigate the optical properties through the analysis of UV-vis
spectra. Dimeric ZnPc derivatives were blended as donor components alongside PCBM as the acceptor
material in BHJ solar cells, achieving a maximum power conversion efficiency of 4.05%, for GT60 and
compared to GT57, cells based on GT57 exhibited lower photovoltaic performance. These findings are
encouraging and highlight the potential for further research on BHJ solar cells employing near-infrared-
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Introduction

Phthalocyanines (Pcs) are commonly used as active components
in organic photovoltaic (OPV) and hybrid dye-sensitized solar cells
(DSSCs)."™* This is due to their unique electronic properties,
distinctive chemical structure, and broad photo response range
between 600 and 800 nm, which coincides with the region of
maximum solar flux. As a result, only very thin films are required
to absorb a significant portion of solar light. Pc-based OPVs can
be fabricated either through vacuum evaporation or solution-
processing techniques. However, unsubstituted Pcs are nearly
insoluble in standard organic solvents because they tend to
aggregate, making solution-based processing difficult. Despite
this limitation, unsubstituted Pcs have been successfully used
as active layers in vacuum-deposited small molecule solar cells.
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absorbing, non-aggregated dimeric ZnPc derivatives containing S heteroatoms.

On the other hand, chemically modified Pcs, which include
substituents either at the peripheral or axial positions of the
macrocycle, can be processed using solution-based techniques.
These modifications not only adjust the electronic properties of
the Pcs but also enhance their solubility in organic solvents.

In the case of solution-processed bulk heterojunction (BHJ)
solar cells, only a limited number of examples involve soluble
phthalocyanine (Pc) derivatives blended with soluble acceptor
materials to form the BH]J active layer.””” One such example,
reported by Palomares et al.,® features a small molecule organic
solar cell based on a soluble tetra-tert-butyl zinc phthalocyanine
(ZnTBPc)/PCBM blend. This device achieved a short-circuit
current density (Jsc) of approximately 3.57 mA cm™ 2, an open-
circuit voltage (Vo) of about 0.53 V, and a power conversion
efficiency (PCE) of roughly 0.77%. On the other hand, another
group reported up to 1.6% efficiencies in solution-processed
bulk heterojunction solar cells.” These cells utilized highly
soluble ruthenium phthalocyanines (RuPcs) axially functiona-
lized with pyridyl dendrons up to the third generation and
blended with fullerene derivatives, such as PCBM or PC,;BM.
The findings highlight that further advancements in the design
of new Pc macrocycles are necessary to enhance their
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performance in BHJ solar cells. One key limitation contributing
to the low efficiency of Pcs is their V. Structural modifications
to the Pc molecules, such as introducing different functional
groups at specific positions, could help address this issue.
These modifications aim to extend the absorption spectrum
and fine-tune the electronic configuration of the excited states,
offering promising strategies to improve the power conversion
efficiency of solution-processed Pc-based BH] solar cells.

A particularly promising approach that has gained traction
in recent years is the synthesis of linker-bound dimeric phtha-
locyanine molecules. The incorporation of linkers, which are
molecular bridges that connect phthalocyanine units, offers
several advantages in optimizing the material properties for
photovoltaic applications*®*?

Linker groups significantly influence the intermolecular and
intramolecular interactions of organic compounds in the solid
state. As a result, they have garnered considerable attention in
the synthesis of dimeric zinc(u) phthalocyanines. These groups
play a crucial role in shaping the molecular and structural
properties of the dimers, which, in turn, profoundly impact
their functional and application-related characteristics.

Although the Pc system has garnered significant scientific and
technological interest, the effort invested in developing multi-
phthalocyanine arrays has been relatively limited"**® Nonconju-
gated Pc dyads have been documented as the two Pc cores being
covalently connected via various types of bridges."” However, there
are limited studies on Pc subunits connected through
n-conjugated pathways."®>* Leznoff and colleagues synthesized
the first Pc dimeric system featuring a butadiynyl bridge between
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the chromophores.>® However, their method was limited to the
preparating of homodimetallic bisphthalocyanines, resulting in
low yield. Later, Torres et al. developed an efficient method for
preparing homo- and heterodimetallic bisphthalocyanine com-
plexes with ethynyl and butadiynyl bridges using metal-mediated
coupling methodologies.”® Géransson and colleagues then studied
long-range electron transfer in zinc-phthalocyanine-oligo(pheny-
lene-ethynylene)-based donor-bridge-acceptor dyads to understand
the charge transfer mechanisms for solar energy conversion

In recent years, zinc Pc dimers with various conjugated systems
linking tri-ter¢-butyl phthalocyanine units have been synthesized as
hole transport materials (HIMs) in organic-inorganic hybrid
perovskite solar cells. These competitive HTMs linkers, to balance
the trade of stability and performance® include 2,5-thienyl,
2,7-fluorenyl, 3,6-bisthienyl diketopyrrolopyrrole, and 1,4
phenyl.'>?®2° Furthermore, Pc derivatives have also been utilized
as a third component in polymer-fullerene-based BH]J solar cells to
enhance the light-harvesting capacity of the photoactive layer.****

More recently, we have reported an oligo-(p-phenylenee-
thynylene) n-framework with proper functionalities and substitu-
ents could be an essential molecular family for high-efficiency
solution-processed OLED devices.*” Our previous study indicated
that an oligo-(p-phenyleneethynylene)-framework is a promising
linker group for photovoltaic applications, requiring a deeper
analysis of the influence of the structure of used molecules on
the final performance of OLED devices.

Building on these findings, the present paper focuses on
synthesizing and characterizing of p-phenyleneethynylene-
bridged two ZnPc dimers (GT57 and GT60, Fig. 1) used in

a)
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Fig. 1
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(a) The molecular design of dimeric ZnPcs and (b) the corresponding chemical structures of GT57 and GT60.
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BH] solar cells as new electron donor components. In this
molecular structure, 2-ethylhexyloxy (-OCH,CH(C,Hs)C,Ho)
substituents on the bridged phenyl ring enhance solubility,
enabling efficient synthesis, purification, and the fabrication of
high-quality emissive films. The presence of swallow-tailed
bulky substituents at the linker unit between two Pc molecules
in a relatively small-sized molecular dimension is expected to
impede undesired n-r interactions in the solid state that could
otherwise yield excimer formation (redshift inemission) and
induce nonradiative decay pathways (low quantum yield).
Considering that the low photovoltaic performance of Pc-based
BH] solar cells may be linked to the inhomogeneous morphology
of the active layer, characterized by the formation of large
domains, the use of non-aggregated Pc can aid in achieving
better control over the active layer morphology. Additionally, to
gain deeper insight into the impact of sulfur atoms and six bulky
tert-butyl substituents at the peripheral positions of dimeric Pcs
on their photophysical and electrochemical properties, as well as
their photovoltaic performance, theoretical calculations were
performed.

1. Experimental

The 4-(tert-buthylthio)phthalonitrile (PN3)** and 1,4-bis(ethynyl)-2
5-bis(2-ethylhexyloxy)benzene (L1),** 2,9,16,23-tetra-tert-butyl-29H,
31H-phthalocyanine (TB4-ZnPc)*® and 2,9,16,23-tetra-tert-butyl-
sulfanyl-29H,31H-phthalocyanine (STB4-ZnPc)*® were synthesized

symmetric tert-buthyl-ZnPc
+

A

NN\

<t

*cC
‘ N GT56

(7 moles) = o
CN CZHS\R

o@w@

g

GT58

\

symmetric tert-buthylthio-ZnPc

View Article Online

Paper

according to the literature. The equipment, materials, photophy-
sical, electrochemical measurements, and spectra used for the
characterization of the compounds are provided in the ESLT

1.1. Synthesis

Synthetic pathways of GT56, GT58, GT57, GT60 were given in
Scheme 1.

1.1.1. Synthesis of GT56. This compound was synthesized
following the procedure outlined in the literature.*® 4-Todo-
phthalotrile (100 mg, 0.394 mmol), 4-(tert-butyl)phthalonitrile
(507 mg, 2.34 mmol), and zinc acetate (183 mg, 1 mmol) were
combined in 2 mL anhydrous dimethylaminoethanol (DMAE)
in a reaction flask and were heated under reflux for 24 h.
Subsequently, the solvent is removed from the reaction mixture
under reduced pressure by evaporation. The resulting residue
was washed several times with EtOH and water. The crude
product was first purified by column chromatography by silica
gel, followed by preparative thin-layer chromatography using
an n-hexane:dioxane (4:1) mixture as eluent, yielding a blue
solid designated as GT56. Yield: 82 mg (24%) 'H NMR
(500 MHz, d,-DMSO) 6 (ppm): 9.35-8.86 (m, 6H), 8.42-8.21
(m, 5H), 7.91-7.81 (m, 1H), 2.00-1.88 (m, 27H). C NMR
(125 MHz, d-DMSO) & (ppm): 169.99, 158.44, 153.44, 153.14,
152.93, 152.57, 151.79, 150.22, 149.93, 149.28, 149.06, 138.86,
138.66, 138.14, 138.02, 137.02, 136.34, 136.12, 135.88, 133.36,
131.77, 130.59, 127.63, 127.48, 127.41, 127.36, 123.83, 123. 33,
122.66, 122.41, 121.86, 120.18, 119.12, 118.74, 118.40, 40.41

GT57
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N 0 Q
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Scheme 1 Synthetic route of molecules (GT56, GT57, GT58, GT60). (i) DMAE yyy), Zn(OAc),, reflux, 24 h. (i) Pd(PPhz),Cl,, Cul, THF, TEA.
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(quaterner C), 36.21 (CH;), 36.17 (CHj3), 36.15 (CH3), 36.17
(CH3), 36.12 (CHj), 36.10 (CHj), 36.00 (CHj), 35.91 (CH,).
MALDI-TOF (m/z) caled for C,4H30INgZn: 872.14; found:
871.735 [M]". Elemental analysis (%) caled C, 60.60; H, 4.51;
N, 12.85, found C 60.56; H, 4.60; N, 12.35.

1.1.2. Synthesis of GT58. 4-Iodophthalonitrile (50.08 mg,
0.197 mmol), 4-(tert-butylthio)phthalonitrile (300 mg, 1.39 mmol),
Zn(OAc), (183 mg, 1 mmol) were dissolved in 2 mL anhydrous
dimethylaminoethanol (DMAE). The reaction mixture was heated
to reflux and stirred for 24 hours. The solvent is removed from the
reaction mixture under reduced pressure by evaporation. The
resulting residue was washed several times with EtOH and water.
The resulting solid product was first purified by column chroma-
tography on silica gel, followed by preparative thin-layer chroma-
tography using n-hexane:dioxane (3:1) mixture as the mobile
phase, yielding GT58 as a blue color solid. Yield: 60 mg (31%).
'H NMR (500 MHz, d¢-DMSO) 6 (ppm): 9.31-8.72 (m, 6H), 8.59-
8.14 (m, 6H), 1.82-1.61 (m, 27H). *C NMR (125 MHz, d-DMSO) &
(ppm): 171.94, 171.10, 154.53, 153.98, 145.99, 140.78, 140.47,
140.09, 137.45, 136.37, 134.49, 133.72, 133.33, 128.03, 127.70,
126.06, 125.18, 124.88, 110.97, 105.14, 99.06, 49.93 (quaterner
C), 34.33 (CH3). MALDI-TOF (m/z) caled for C,4H30I3NgSsZn:
966.08; found: 968.320 [M + 2H]". Elemental analysis (%) caled
C, 54.58; H, 4.06; N, 11.57, found C, 54.36; H, 4.58; N, 11.34.

1.1.3. Synthesis of GT57. GT56 (20 mg, 0.023 mmol), 1,4-
bis(ethynyl)-2,5-bis(2-ethylhexyloxy)benzene (L1) (2.87 mg,
0.0075 mmol), Cul (2.4 mg, 0.0012 mmol) and Pd(PPh;),Cl,
(9.6 mg, 0.0013 mmol) were dissolved in a mixture of 3 mL
anhydrous tetrahydrofuran (THF) and 3 mL triethylamine (TEA)
under argon atmosphere. The reaction mixture was stirred at
60 °C for 48 h. After that, the reaction mixture is extracted with
dichloromethane and water. The organic phase was separated,
dried over Na,SO,, and filtered. The solvent was removed by
evaporation, and the resulting solid product was purified by
preparative thin-layer chromatography using hexane:dioxane
(4:1) mixture as the mobile phase, yielding GT57 as a green
solid (12 mg 85%). FT-IR (ATR) vpa/cm ™" 3054 (ArC-H), 2958
2860 (aliphatic CH), 2106.5 (C=C), 1653.2, 1611.7, 1485.8,
1460.2, 1436.7, 1389.6, 1328.4, 1257.3, 1148.3, 1044.8, 1024.4,
919.8, 827.2, 799.9, 747.4, 720.2, 691.3, 674.1. 'H NMR
(500 MHz, dg-THF) § (ppm): 9.50-9.18 (m, 16H, ArH), 8.34-
8.21 (m, 8H, ArH), 7.50 (brs, 2H ArH), 4.38, 4.34 (s, 4H, OCH,)
2.01-1.86 (m, 56H, CH,), 1.45 (m, 8H), 1.32 (m, 8H), 1.06-0.97
(m 12H, CH,). "*C NMR (125 MHz, ds-THF) § (ppm): 154.47,
152.76, 151.35, 145.92, 145.25, 138.99, 138.33, 136.68, 131.35,
125.50, 124.15, 122.37, 119.03, 116.56, 114.48, 112.70, 96.25,
93.26, 72.91, 71.96, 53.13, 40.29, 35.65, 31.67, 31.02, 29.67,
24.83, 23.37, 13.74, 11.38. MALDI-TOF (m/z) caled for
Cy14H114N160,Zn,: 1873.04; found: 1871.015 [M-2H]". Elemen-
tal analysis (%) caled C, 73.18; H, 6.14; N, 11.98, found C, 73.01;
H, 6.44; N, 11.55.

1.1.4. Synthesis of GT60. GT58 (18 mg, 0.0185 mmol), 1,4-
bis(ethynyl)-2,5-bis(2-ethylhexyloxy)benzene (L1) (2.37 mg,
0.0061 mmol), Cul (2.4 mg, 0.0012 mmol) and Pd(PPh;),Cl,
(9.6 mg) (0.0013 mmol) were dissolved in a mixture of 3 mL
anhydrous tetrahydrofuran (THF) and 3 mL triethylamine (TEA)
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under argon atmosphere. The reaction mixture was stirred at
50 °C for 48 h. After that, the reaction mixture was extracted
with dichloromethane and water. The organic phase was sepa-
rated, dried over Na,SO,, and filtered. The solvent was removed
by evaporation, and the resulting solid product was purified by
preparative thin-layer chromatography using hexane: ethanol
(10:1) mixture as the mobile phase, yielding GT60 as a green
solid (11 mg, 86%). FT-IR (ATR) vma/cm ™' 3000 (ArC-H), 2925~
2862 (aliphatic CH), 2105.4 (C=C), 1605.0, 1485.8, 1388.9,
1363.1, 1334.3, 1256.8, 1138.8, 1041.4, 908.4, 832.1, 745.1,
685.2. 'H NMR (500 MHz, dy-THF-) § (ppm): 9.16-9.10 (m,
6H, ArH), 8.37-832 (m, 4H, ArH), 7.47-7.42 (m, 16H, ArH),
4.76 (brs, 4H, OCH,), 2.06 (s, 54H, CHj3), 1.64-1.62 (m, 10H,
CH, + CH), 1.29 (m 8H, CH,), 0.91-0.88(m, 12H, -CHj;) **C
NMR (125 MHz, dg-THF) & (ppm): 164.92, 153.09, 138.68,
137.97, 135.14, 134.60, 133.59, 131.32, 129.23, 128.01, 127.94,
122.22, 97.20, 89.94, 56.96, 53.74, 46.23, 39.11, 31.90, 30.85,
29.67, 29.39, 28.97, 23.99, 22.59, 22.29, 13.46, 10.44. MALDI-
TOF (m/z) caled for C;14H;14N160,S¢Zn,: 2063.401; found:
2063.493 [M]". Elemental analysis (%) caled C, 66.36; H, 5.57;
N, 10.86, found C, 66.14; H, 5.61; N, 10.46.

2. Results and discussion

2.1. Synthesis and structural characterization

The key to the synthesis of ethynyl-bridged dimeric phthalo-
cyaninate complexes via metal-mediated coupling is the avail-
ability of an asymmetric iodo phthalocyanine and a linker with
appropriately functionalized ethynyl groups such as L1 (Fig. 1).
This study reports the synthesizing of dimeric zinc phthalocya-
nines (GT57, GT60) using 1,4-bis(ethynyl)-2,5-bis(2-ethylhexyloxy)-
benzene as a linker between two Pc units (Fig. 1). The synthesis of
dimeric phthalocyanines GT57 and GT60 was carried out in two
steps following the routes depicted in Scheme 1. Firstly, the
asymmetric iodo-tert-buthyl or iodo-tert-butylthio phthalocyanine
derivatives (GT56, GT58) were obtained utilizing by the cyclote-
tramerization reaction of iodophthalonitrile (PN-1) with other
phthalonitriles (PN-2 and PN-3) in a molar ratio of 1:7, respec-
tively. The phthalonitrile derivatives were used in a 1:7 molar
ratio, resulting in the formation of only two products: the desired
mono-iodinated asymmetric phthalocyanine derivatives (GT56 or
GT58) and symmetric phthalocyanine derivatives containing tert-
butyl groups, as outlined in Scheme 1. In the final, Sonogashira
cross-coupling step, the dimeric phthalocyanine derivatives
(GT57, GT60) were subjected to reactions with mono-iodophthalo-
cyanines GT56 or GT58 and 1,4-bis(ethynyl)-2,5-bis(2-ethylhexyloxy)-
benzene (L1) as linker group in the presence of a Pd(PPhj;),Cl,
catalyst and a Cul/Et;N co-catalyst/base system in THF, resulting
in the formation of the desired products with a yield of 85% and
86% (GT57, GT60) respectively. Highly selective Sonogashira
cross-coupling at the iodo-functionalized reaction site was
utilized in this process. The selectivity undoubtedly arises from
the better reactivity of iodine atoms as compared to others. This
facilitates the rate-determining oxidative addition step in the
catalytic cycle.

New J. Chem., 2025, 49, 8102-8113 | 8105
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Despite its large molecular weight, Pc derivatives were found
to be soluble in common organic solvents such as chloroform
and THF, as well as printing-friendly solvents such as toluene.
Pcs were purified by thin layer chromatography on silica gel
using dioxane:n-hexane (1:3, v/v) solvent mixture. All new
compounds were fully characterized using 'H-"*C-NMR, MALDI
TOF-MS, and FTIR, and optically evaluated by UV/vis and steady-
state fluorescence emission spectroscopies Fig. S1-S25 (ESIT).

"H NMR spectra recorded in [dg]THF are very well resolved
and all the different protons could be assigned (see the ESIT).
However, although the system in which two units of ZnPc are
bonded to the L1 moiety, GT57 and GT60, are quite soluble in
THF, broad signals were obtained in the "H NMR spectra even
when using a coordinating solvent such as [dg]THF due to the
high degree of n-m-stacking and also to the presence of too
many regioisomers (see the Fig. S12, S13, S17 and S18, ESI¥).
Phthalocyanines tend to form aggregates in solutions. Aggrega-
tion causes molecules to move closer together, changing the
chemical environment of the protons. This can result in broad,
indeterminate, and unresolved peaks in the spectrum. However,
the integrated signal intensities reflect the number of hydrogen
atoms in the compounds.

MALDI-TOF MS spectra are important for verifying the
structure of phthalocyanines. The MALDI-TOF MS spectra of
the purified monofunctional Pcs were detected molecular ion
peaks at m/z 871.735 [M]", 968.320 [M]", for GT56, GT58, and
1871.015 [M]" and 2063.493 [M]" for GT57 and GT60, respec-
tively (Fig. S2, S6, S11 and S16, ESIt). The absence of signals
corresponding to other substituted derivatives in the mass
spectra provides significant support for the structural purity
of the compounds. Each spectrum offers compelling evidence
that reinforces the validity of their proposed structures.

2.2. Photochemical and photophysical measurements

The photophysical and photochemical properties of the prepared
dimeric ZnPcs were extensively evaluated using UV-vis absorption,
steady-state fluorescence, and time-resolved fluorescence spectro-
scopies. The UV-vis absorption and fluorescence spectra of
the GT57 and GT60 were investigated in the 300-800 nm range
using different solvents such as toluene, THF, dioxane, DMSO,
and DMF to evaluate their aggregation properties and their
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photophysical and photochemical characteristics. THF was cho-
sen for the photophysical and photochemical measurements
among these solvents due to its superior solubility and the
absence of significant changes with solvent variation. All spectral
data, including UV-vis spectra obtained at different concentra-
tions in THF, are provided in the ESIT (Fig. S19 and S20).

Fig. 2 shows the absorption spectra of the dimers and
monomeric ZnPcs (TB4-ZnPc and S-TB4-ZnPc) dissolved in
THF. As can be seen, the Soret bands of both dimeric ZnPc
derivatives are observed between 300 and 400 nm, while the Q
bands of GT57 and GT60 exhibit a bathochromic shift and
increased bandwidth compared to their monomeric counter-
parts, TB4-ZnPc (672 nm)** and S-TB4-ZnPc (678 nm),*® respec-
tively, due to the more extended conjugation of these systems. In
addition, the Q-band maxima of dimer GT57 is split in two peaks
in THF solution (Fig. 2a). This is likely caused by the presence of
regioisomers and their non-symmetric nature®>*”*® Typically,
enhanced molecular stacking results in broader absorption
signals and a reduced molar extinction coefficient (¢) due to
decreased absorption intensity. However, this trend does not
hold for dimer GT60, as the presence of the tert-butyl thio
moieties consisting bulky tert-butyl and S heteroatoms on two
Pc macrocycles reduces molecular aggregation, resulting in a
strong single Q-band at 679 nm.

The various solvents were employed to examine the fluores-
cence emission properties of dimeric ZnPcs (Fig. S21-S25,
ESIt). While no significant changes were observed in the
fluorescence of the GT60 compound in different solvents, the
GT57 compound exhibited strong fluorescence in low-polarity
solvents such as THF, dioxane, and toluene. However, a sig-
nificant decrease in fluorescence intensity was observed in
high-polarity solvents like DMF and DMSO. This behavior is
attributed to the tendency of high-polarity solvents to promote
molecular aggregation or facilitate intermolecular energy trans-
fer, leading to fluorescence quenching. Emission maximums of
GT57 and GT60 are observed at 702 nm and 687 nm, in THF
respectively.

The fluorescence quantum yield (@) is a key parameter that
reflects the efficiency of the fluorescence process and is essen-
tial for photophysical applications.*® To calculate the fluores-
cence quantum yields in THF, the fluorescence area integration

b) 3.0
—GT60
——S-TB4-ZnPc 8
254 =—GT57

——TB4-ZnPc

T T
300 400 500 600 700 800

Wavelength (nm)
Fig. 2
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(a) UV-vis absorption spectra of dimeric ZnPc derivatives (GT60 and GT57) (b) TB4-ZnPc, S-TB4-ZnPc, GT60, GT57 in THF.
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of the dimeric ZnPc derivatives (GT60 and GT57) and the
reference Unsub-ZnPc ZnPc vs. absorbance were plotted
(Fig. 3a). Table 1 shows the obtained fluorescence quantum
yields. @ values of dimeric ZnPcs GT57 and GT60 were
determined to be 0.20 and 0.08 which were lower than that of
Unsub-ZnPc. respectively, by the absolute method using an
integrating sphere.

Time-resolved fluorescence measurements quantify fluores-
cence lifetime (zg). The fluorescence lifetimes of GT57 and GT60
were measured in ambient conditions using the time-correlated
single photon counting (TCSPC) technique in THF. Both mole-
cules showed single exponential decay, obtaining the values of
g = 2.18 ns for GT57 and 1 = 2.96 ns for GT60 (Fig. 3b). These
values indicate that there is no significant difference between
the fluorescence lifetimes of dimeric phthalocyanine derivatives
(GT57 and GT60) and the standard Unsub-ZnPc.

The singlet oxygen generation quantum yield (®,) repre-
sents the number of singlet oxygen molecules produced per
photon the photosensitizer absorbs. Optical determination of
singlet oxygen was carried out using a direct measurement
technique. The direct method involves detecting the intrinsic
phosphorescence of singlet oxygen using a near-IR sensitive
detector. After excitation with a xenon-arc source at the respec-
tive absorption maxima, the phosphorescence spectra of singlet
oxygen were recorded for four phthalocyanines in THF at equal
absorbance (0.23) to determine @, directly (Fig. S26, ESIt). The
Unsub-ZnPc was used as the reference (Table 1). The highest @,
value, observed for the dimer GT60 complex (0.74), indicates
efficient energy transfer to molecular oxygen, which may be
linked to its UV behavior. In contrast, GT57 demonstrates

Table 1 Photophysical and photochemical parameters in THF
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(a) Fluorescence area integrates vs. absorbance of GT57, GT60 and Unsub-ZnPc (b) fluorescence decay curves of GT57 and GT60 in THF

singlet oxygen generation comparable to Unsubs-ZnPc, con-
firming their potential for triplet photosensitized applications.

2.3. Electrochemical measurements

The electrochemical behavior of MPcs was investigated using
cyclic voltammetry (CV) to determine the HOMO (highest
occupied molecular orbital)-LUMO (lowest unoccupied mole-
cular orbital) energy level. The measurements were performed
using a three-electrode system, consisting of a glassy carbon
electrode (GCE) as the working electrode, a platinum wire as
the counter electrode, and an Ag/AgCl aqueous electrode as the
reference electrode. MPcs were prepared at a concentration of
5 x 10°* M, and all experiments were conducted in THF at
25 °C, with 0.1 M NBu4PF; (tetrabutylammonium hexafluoro-
phosphate) used as the supporting electrolyte. Before measure-
ments, the solution was purged with N, for 5 minutes. The
ferrocene/ferrocenium (Fc¢/Fc') redox couple was employed as
an internal standard. CVs were recorded at a 100 mV s~ * scan
rate and used to calculate the HOMO-LUMO energy level. The
voltammograms were referenced against the Fe/Fe' redox cou-
ple and calculated with 4.8 eV below the vacuum level set as the
reference level, as shown in Fig. 4.

Zn(u) phthalocyanines essentially showed ligand-centered
redox reactions instead of metal-centered ones. Oxidation
and reduction processes include electron transfer inside the
n-conjugated system. In this case, the initial redox couple
identified in the negative scan correlates to the LUMO level,
whereas the first redox couple detected in the positive scan
corresponds to the HOMO level. The HOMO energy levels of
the dimeric phthalocyanine compounds were determined as

Compound 23bS (nm) Loge Jmax (Nm) Jex (NM) D @girect 1 (nS)

GT57 695 5.33 702 650 0.20 0.50 2.18
671 5.22

GT60 679 5.15 687 645 0.08 0.74 2.96

Unsub-ZnPc 666*° 5.19 673%° 635%° 0.25° 0.53" 2.72%

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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—4.98 and —5.10 eV while their LUMO levels were found to be
—3.28 eV and —3.45 eV for GT57 and GT60, respectively. Accord-
ing to Molina et al, the energy levels of the monomeric
ZnPc derivative (TB4-ZnPc) were determined to be —5.05 eV
and —3.26 eV.*° No significant change was observed in the
energy levels between the dimeric GT57 and the monomeric
TB4-ZnPc phthalocyanine derivatives.

2.4. Theoretical calculations

2.4.1. Computational details. All calculations were per-
formed with the Gaussian 16 program package.’> Geometry
optimizations were carried out using the density functional
B3LYP,**** known for its accuracy in reproducing geometries,
along with the long-range corrected functionals CAM-B3LYP***
and wB97XD,*® employing the def2-SVP basis set. The optimized
structures are shown in Fig. S27 (ESIt). The geometries opti-
mized with B3LYP and CAM-B3LYP exhibit structurally similar
elongated forms. However, the wB97XD functional overesti-
mated weak interactions, leading to a sandwich-like structure
due to CH/n hydrogen bond interactions.

The HOMO-LUMO band gap was calculated for these
optimized structures and compared with experimental values
(Table S1, ESIt). While CAM-B3LYP and wB97XD overestimated
the band gap, B3LYP provided results closest to the experi-
mental data. Additionally, the performance of this methodol-
ogy in previous studies on macrocyclic systems showed good
agreement between theoretical and experimental results.>®
Based on both the current benchmark study and our prior
experience, B3LYP with the def2-SVP basis set was selected for
geometry optimizations in this study. All stationary points have
been characterized by a frequency analysis at the same theory
level as the geometry optimizations.

The UV-vis electronic absorption spectra in the solution
phase were computed using the time-dependent DFT (TD-DFT)
method.”® Two different functionals were employed: CAM-

8108 | New J. Chem., 2025, 49, 8102-8113

View Article Online

Paper

B3LYP/def2-SVP, based on ground-state geometries optimized
at the same level, and TPSSh/def2-SVP, based on geometries
optimized at the B3LYP/def2-SVP level (Table S2, ESIt). The
CAM-B3LYP method was chosen due to its established accuracy
in excited-state predictions in solar cell applications.*”?%>"
However, the results obtained from both functionals were
comparable. Since TPSSh had previously been used in similar
zinc phthalocyanine systems, we selected this functional to
maintain consistency with our earlier study.>® The solvent was
modeled using the integral equation formalism model
(IEFPCM)**° and tetrahydrofuran (THF) was used, as it was
as the solvent employed in the experimental part of this study.

In TD-DFT, excited states are depicted as a linear combi-
nation of excitations from occupied to virtual Kohn-Sham
orbitals. This expression in terms of molecular orbitals can
be complicated, as numerous occupied and virtual orbital pairs
may contribute to the expansion with comparable significance.
An enhancement for gaining a more profound comprehension
of the physical characteristics of electronic transitions relies on
depicting an excited state through natural transition orbitals
(NTOs).”” Thus, NTOs have been computed as implemented in
Gaussian.

2.4.2. Molecular structure. Dimeric zinc phthalocyanine
with 1,4-bis((2-ethylhexyloxy)-2,5-diethylbenzene) (GT57, GT60)
can exist in several isomeric configurations due to the numerous
possible positions of the substituted groups. We select one isomer
as a model based on steric requirements to represent all and
evaluate the molecular and electronic structures of these isomers
for the system examined in this study. The geometries of both
molecules are optimized to precisely anticipate their properties
and behavior. The optimized structures are depicted in Fig. 5.
Both structures present a planar macrocycle with slight differ-
ences in angles of the substituents (tert-butyl and tert-butylthio).

The frontier molecular orbitals (HOMO and LUMO) offer
essential insights into the chemical behavior, of the systems
under investigation. For GT57, both the HOMO and LUMO are
delocalized across the dimer, including the bridge, and exhibit
a m-n* character (Fig. S28, ESIT). A similar delocalization and
electronic nature are also observed for GT60. The calculated
HOMO energy values are slightly underestimated, while the
LUMO energies are slightly overestimated (Table 3). Although
the calculated bandgap values are similar, the bandgap of GT57
is slightly lower than that of GT60, which is consistent with the
experimental values (Table 2).

GT57 GT60
< \
o o
N \ ( 7
D X Y oS L0 x o
\((/C - \C , \C( '((:C V\~/\‘ <, E
(_/ (\*\/\rr PN - (—( N /\,(\(‘27’\,
< A p{—({jfk,}v )5/ BEROSee aa!
o r

Fig. 5 Optimized molecular structures of GT57 and GT60 calculated at
the B3LYP/def2-SVP level of theory in the gas phase. Hydrogen atoms are
omitted for clarity.
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Table 2 HOMO and LUMO energy level values were determined from
experimental cyclic voltammetry (CV), and band gap energy values were
found from UV-vis measurement

Compounds R1* 01 AE,," (V) HOMO (eV) LUMO? (eV) Eqp (V)

GT57
GT60

—1.52 0.18 1.70
—1.35 0.30 1.65

—4.98
—5.10

—3.28
—3.45

1.75
1.77

@ E1jp = (Epa + Epc)/2 at 0.100 V s L2 AE,, =Eyp (first oxidation) — Ey,
(first reduction) = HOMO-LUMO gap. © Epomo = —[(Eox — E1/a(ferrocenc)) *
4'8]' ¢ ELUMO = 7[(Ered - El/Z(ferrocene)) + 4'8]'58

Table 3 Theoretical HOMO, LUMO and band gap energies of GT57 and
GT60

Compounds Enomo (eV) Erumo (eV) AE (eV)
GT57 —5.02 —2.98 2.05
GT60 —5.29 —3.23 2.07

We also analyzed the molecular electrostatic potential (MEP)
of the molecules, which provides insights into their electron-
rich and electron-poor regions. Fig. 6 displays the electrostatic
potential maps for GT57 and GT60. An electrophilic region
(shown in blue) on the zinc denotes an electron-poor site on the
metal atom, which is as expected. In GT60, the zinc atom is
more electrophilic due to the presence of tert-butylthio sub-
stituents. The NPA charges of the metal atoms in GT57 and
GT60 are 1.261 and 1.263, respectively. In contrast, the linker
exhibits a strong nucleophilic character, indicated in red.

2.4.3. Optoelectronic properties. The computed absorption
spectra GT57 and GT60 convoluted using Gaussian functions are
reported in Fig. 7. In GT57 and GT60, there is a strong absorp-
tion at around 650 nm, which corresponds to the Q bands. There
is also a weaker peak near 400 nm that is related to the B band.
Aside from the small red and blue shifts for the B and Q bands
observed in the theoretical absorption spectrum, these results
align with the experimental findings shown in Fig. 6.

The nature of the different excited states can be easily
determined by analyzing the corresponding Natural Transition
Orbitals (NTOs) (Fig. S29, ESIT). The occupied and virtual NTOs
for the transitions in the Q band indicate that these transitions
are primarily attributed to a n-m* localization within the
phthalocyanine rings, with noticeable delocalization present
in both the occupied and virtual NTOs involving the substitu-
ents. For the transition responsible for the 400 nm absorption,
the occupied and virtual NTOs of GT57 are mainly delocalized

Fig. 6 Electrostatic potential maps of GT57 and GT60.
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View Article Online

NJC

350000 T T T T
eTsT —
GT60 —
300000

T
1

250000

T
1

200000

T
1

150000

T
1

100000

T
1

50000

T
1

Molar absorption coefficient (L mol-1 cm-1)

O 1 1 1 1
300 400 500 600 700 800

Wavelength (nm)

Fig. 7 TD-DFT (TPSSh/def2-SVP) predicted absorption spectra for GT57
and GT60 in THF.

over the linker and the benzene substituent connected to the
linker of the phthalocyanine. For GT60, we observe two less
intense peaks around 415 and 473 nm. For 415 nm transitions,
occupied NTOs are delocalized over the linker involving the
benzene substituents whereas the virtual NTOs are localized
over the phthalocyanine ring. The parameters obtained from
TD-DFT calculations are summarized in Table 4.

2.5. Solar cell device performance

Organic solar cells (OSCs) have garnered significant interest as
a cost-effective solution for photovoltaic energy generation. The
introduction of the bulk-heterojunction (BHJ) concept has
notably improved OSC performance by effectively blending
electron donor and acceptor materials into a solution, which
is subsequently deposited as a thin film between two electro-
des. Over the last decade, substantial advancements have been
achieved in enhancing the power conversion efficiency (PCE) of
organic BHJ solar cells.

In this study, OSCs with the structure ITO-ZnO/P3HT:GT57-
GT60:PCBM/Mo00O;/Al were fabricated, as illustrated in Fig. 8a.
Fig. 8 provides an overview of the device architecture, energy
band diagram, and the relationship between current density
and applied voltage. Current density-voltage (/-V) measure-
ments were conducted using a Keithley 4200 semiconductor
characterization system, with a 100 mW cm > solar simulator
(Thermo Oriel, AM 1.5G) serving as the light source. The
photovoltaic parameters of the devices, derived from three distinct

Table 4 Calculated parameters of the electronic absorption spectra in
the solution phase (THF): dipole moment, wavelength, energy and oscil-
lator strength

Compounds u (D) 2 (nm) E (eV) f

GT57 0.48 660 1.88 1.699
391 3.17 1.115

GT60 0.31 654 1.90 1.600
473 2.62 0.3514
415 2.99 0.1515
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blend compositions, are summarized in Table 5, where each
parameter represents the average of 24 devices. Representative
J-V curves for the fabricated devices are also compared in Fig. 8.

The reference P3HT:PCBM device exhibited a Vo 0f 2.67 V, a
Jsc of 1.43 mA cm™?, and a fill factor (FF) of 0.56, consistent
with reported literature values®® Incorporating GT57 and
GT60 into the P3HT blend resulted in a significant enhance-
ment in Jgc, with only a minor change in FF, leading to PCEs of
3.87% and 4.05% for the P3HT:GT57/PCBM and P3HT:GT60/
PCBM devices, respectively (Table 5). Notably, the P3HT:GT60/
PCBM device demonstrated an approximately 25% increase in
Jsc compared to the reference P3HT:PCBM device, underscor-
ing the effectiveness of the material modifications.

The primary performance parameters of organic solar cells
include short-circuit current density (Jsc), open-circuit voltage
(Voo), fill factor (FF), and efficiency (17). The Jsc and Vo values
are derived from the intersections of the current density-
voltage (/-V) curve with the respective axes. The maximum
power point (MPP) is identified from the power-voltage (P-V)
curve, allowing for the calculation of Iy;p and Vyp. The fill factor
and efficiency are computed using the following equations.”®

FF — Jmpp Vmpp7
JscVoc
JscVocFF
=%
Ps

where Pg is the power of incident light.

Table 5 Performance parameters of P3HT/PCBM, P3HT:GT57/PCBM,
P3HT:GT60/PCBM solar cell devices

Vices FF (%) Voc (V) Jsc (mA em™3) 1 (%)
P3HT/PCBM 0.56 2.67 1.43 3.68
P3HT:GT57/PCBM  0.58 2.88 4.91 3.87
P3HT:GT60/PCBM  0.63 3.26 12.09 4.05
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The surface morphology of the active layers was investigated
using scanning electron microscopy (SEM) (Fig. 9a and b) and
atomic force microscopy (AFM). Fig. 9c and d show the root-
mean-square (RMS) roughness values of 1.92 nm for the
P3HT:GT57/PCBM blend film and 1.35 nm for the P3HT:GT60/
PCBM blend film, respectively. These results indicate a high level
of miscibility between the donor materials and the PCBM
acceptor. Notably, the P3HT:GT60/PCBM blend film exhibits
reduced surface roughness and more pronounced bicontinuous
phase separation. This well-defined morphology enhances the
interfacial area between the donor and acceptor materials,
improving exciton dissociation efficiency and resulting in a
higher short-circuit current density (Jsc).

Both GT57 and GT60 exhibit strong absorption in the visible
region and possess similar molecular backbones; however,
their photovoltaic performances differ slightly, with GT57
yielding a slightly lower PCE than GT60. The small participa-
tion of sulfur atoms in the frontier molecular orbitals may
influence the charge separation dynamics, leading to a slightly
larger band gap and thus an enhanced PCE conversion. Never-
theless, the difference is so small that both exhibit comparable
performance. Furthermore, TD-DFT calculations indicate
subtle differences in excited-state behavior.

More broadly, the modest PCEs (~4%) of both systems
reflect several limiting factors beyond intrinsic molecular prop-
erties. While bulky ter¢-butyl and tert-butylthio groups enhance
solubility and suppress aggregation, they may also hinder close
n-n stacking, which is critical for efficient charge carrier
mobility. In addition, potential mismatch in energy level align-
ment or unfavorable domain sizes within the bulk heterojunc-
tion may lead to charge recombination or inefficient exciton
dissociation.

To enhance the photovoltaic performance of such ZnPc
dimers, further molecular engineering is warranted. Strategies
such as modifying the bridge (e.g., incorporating more planar or
electron-donating linkers), introducing push-pull architectures

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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to improve charge separation, or tailoring the side chains to
modulate packing and morphology could be explored. Moreover,
the use of alternative acceptors (e.g., non-fullerene acceptors)
and post-processing optimization (e.g., thermal or solvent vapor
annealing) could improve the active layer morphology and device
efficiency. These directions will be central to our ongoing efforts
toward developing next-generation ZnPc-based donor materials
for organic photovoltaics.

Conclusion

This study reports the design and synthesis of two novel dimeric
zinc phthalocyanines, GT57 and GT60, incorporating bulky tert-
butyl and tert-butylthio substituents. The two phthalocyanine units
are connected via a 1,4-bis(2-ethylhexyloxy)-2,5-diethylbenzene lin-
ker. These molecules were studied to evaluate their effectiveness as
donor materials in bulk heterojunction (BHJ) solar cell devices.
Solar cells fabricated from a thin evaporated layer of dimeric ZnPcs
and a spin-coated layer show short-circuit current densities of
~1.4 mA cm 2 with open circuit voltages ~200 mV under
100 mW cm 2 simulated AM 1.5 illumination. The electrochemical
analysis and optical properties indicated that all synthesized
phthalocyanine derivatives possess appropriate HOMO-LUMO
band gap levels for BH]J solar cell applications, which theoretical
calculations have further confirmed. The theoretical electronic
structures are in good agreement with experimental findings
regarding molecular orbital energies. The spectra calculated via
TD-DFT enable us to assess the key spectral features of the newly

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

designated dimeric zinc phthalocyanines. This study opens new
avenues for utilizing Pc dimers as efficient, stable, and cost-effective
hole-transporting materials. Ongoing research is focused on reducing
recombination phenomena and optimizing device performance.

Previous dimeric phthalocyanines (ZnPcs) faced significant
challenges such as weak electronic coupling, poor charge separa-
tion, and fast charge recombination, primarily due to the use of
flexible or non-conjugated linkers. These limitations hindered
their efficiency in solar energy conversion applications. Addi-
tionally, the synthesis of dimeric ZnPcs often involves issues like
purification difficulties, solubility, and aggregation, which
adversely affect the device structure and performance. Addres-
sing these challenges is crucial for optimizing the final product
and improving its efficiency in electronic applications.

In this study, 2-ethylhexyloxy (-OCH,CH(C,H;5)C,Hs) substi-
tuents were used as bridges to facilitate ease of solubility and
electronic transitions. Additionally, bulky tert-butyl and tert-
butylthio groups were employed to prevent aggregation. These
structures, as phthalocyanine functional groups, were utilized to
enhance donor properties, minimize challenges in synthesis and
purification processes, and optimize solubility. Compared to
previous studies, this approach demonstrated improved effi-
ciency, making it a more promising strategy for dimeric ZnPcs.
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