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Abstract: Phthalocyanines have enjoyed throughout the years the benefits of being exquisite com-
pounds with many favorable properties arising from the straightforward and diverse possibilities
of their structural modulation. Last decades appreciated a steady growth in applications for ph-
thalocyanines, particularly those dependent on their great photophysical properties, now used in
several cutting-edge technologies, particularly in photonic applications. Judging by the vivid reports
currently provided by many researchers around the world, the spotlight remains assured. This review
deals with the use of phthalocyanine molecules in innovative materials in photo-applications. Beyond
a comprehensive view on the recent discoveries, a critical review of the most acclaimed/considered
reports is the driving force, providing a brief and direct insight on the latest milestones in phthalo-
cyanine photonic-based science.

Keywords: phthalocyanine; photonics; photoelectronics; photovoltaics; photocatalysis; charge trans-
fer; nonlinear optics

1. Introduction

Phthalocyanines (Pcs) are highly conjugated and essentially planar aromatic macro-
cycles, consisting of four iminoisoindoline units, containing 18 delocalized π-electrons
and widely praised for their thermal and chemical stability. Such electronic delocalization
permits Pcs to display intense absorption bands in the near infrared region of the electronic
spectrum, reaching very high extinction coefficients (~105 M−1 cm−1), accompanied by
high fluorescence quantum yields, concomitantly with favorable redox activity and rich
electrochemistry [1–5].

Phthalocyanines display great structural flexibility, existing both as free bases (metal-
free) and in the form of metal complexes, hosting ca. 70 different elements in the central
cavity, some of them allowing structural modulation via functionalization with metal-axial
ligands. In addition, a substantial variety of substituents can be incorporated into the
phthalocyanine core at positions designated as α (non-peripheral) and as β (peripheral)
(Figure 1), allowing for the design of desired electronic and/or solubilizing properties,
depending upon the application [5,6].

Beyond their absorption features, many other recognized properties arose from the
preparation of Pcs, allowing these macrocycles to be considered leading chemical entities,
applied in several technologies over the years, including as catalysts [7–10], sensors [11–13],
thin films [14–17], liquid crystals [18–20], semi-conductors [21–23], textile dyes [24,25],
light-harvesting dyes in solar cells/organic photovoltaics [26–29], absorbers in nonlinear
optics [30–36], photocatalysts [37,38], photosensitizers in phototherapies [39,40], photosen-
sitizers photodynamic inactivation of bacteria [41,42], and as contrast agents in medical
imaging [43–46].
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Figure 1. General structure of metal-free phthalocyanine (left) and metal phthalocyanine complex
(right), with schematic representation of possible structural modulation sites and ring numbering.

Of the many applications found for phthalocyanines over the many decades after
their discovery [47–49], recent years witnessed a solid growth in applications for phthalo-
cyanines, particularly those relying on their excelling photophysical properties, and to
the technological instrument development that permitted phthalocyanines to be used in
several cutting-edge technologies, particularly in photonic applications. The intrinsic ph-
thalocyanines photo-properties allowed this family of tetrapyrrolic macrocycles to emerge
as prominent molecules, demonstrating how an “old” compound can still demonstrate
groundbreaking applicability.

In this review, the focus is directed to the use of phthalocyanine molecules exclusively
in innovative materials in photo-applications. Aware of the importance of phthalocyanine-
related molecules, such as subphthalocyanines, naphthalocyanines, porphyrazines, and por-
phyrinoids, the recent discoveries (in the last five years) will solely consider the appli-
cation of phthalocyanines in photonic-based materials technologies. Indeed, there are
several highly cited review records in several sub-fields, e.g., photomedicine [50–60],
photovoltaics [61–63], nonlinear optics [64–66], photocatalysis [67–69], among other photo-
applications [70–72], portraying phthalocyanines among the therein discussed materi-
als/molecules. Herein, more than a comprehensive view on the recent discoveries, a critical
review of the most acclaimed/considered reports (i.e., most cited) was the driving force in
this work, aiming to provide a brief and direct insight on the latest milestones in phthalo-
cyanine science.

2. Bibliometric Analysis

To explore the research status on this area of study, a short bibliometric analysis was
performed by assessing the publication trends from selected research area outputs [73,74].
The search strings (phthalocyanin*) and (phthalocyanin* AND photo*) present in the title
and/or abstract and/or keywords were used in two well-known engines, Scopus collection
and Web of Science Core Collection (WoS). Since the latter retrieved a larger number of
records (Figure S1, Supplementary Materials), this was the data used to establish the
conclusions regarding the production of new reports on the field.

Using the WoS search engine, the results were separated in five-year spans, in order to
better establish possible trends (Figure 2). In a first look at the graphic, the sound increase
in general publications in phthalocyanines stands out. Naturally, the photo-applications
using these macrocycles accompany this trend, showing their prominence within the
phthalocyanine field. The appearance of new equipment dedicated to study a vast array of
photo-processes naturally boosted their applicability in the 1990s; nevertheless, the steady
increase is remarkable. This demonstrates the lively interest that this sub-field brings into
the phthalocyanine field.
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Figure 2. Relative weight of reports retrieved using the term “phthalocyanin*” (orange bars) vs.
its refining with the term “photo*” (blue bars). In parentheses are the percentage weights of photo-
applications over all others.

In the Web of Science retrieval of articles contained in title, abstract, or keywords,
the term “phthalocyanin*” further refined with the term “photo*”, from 1971 to 2020
(50 years), allowed the establishment of a tendency throughout the years. While increas-
ing the number of publications on photo-applications of phthalocyanines (see Figure 2),
the weight of each country in new reports has evolved (see Figure S2). The USSR weight in
the beginning of the 1970s (continuing form earlier years) was replaced by North American
countries (USA and Canada) in subsequent decades (until 1990). Until 2005, Japan also
contributed largely to publication records, as well as European countries, such as England,
Germany (including the extinct Federal Republic of Germany), and France. It was only at
this time that the Peoples Republic of China claimed its prominent stand in the number
of reports provided to the scientific community. In a relatively specialized field such as
the synthesis and application of phthalocyanines, several countries stand out due to some
prolific research groups, as was the case of Canada in the 1980s, or more recently Turkey
and South Africa. Overall, favorable research policies and adequate funding opportunities
represent what drive the success of the phthalocyanine field.

3. Materials Photo-Applications of Phthalocyanines
3.1. Photovoltaics

In light harvesting applications, Pcs hold a prominent position, acting first as antennas,
since they absorb light very efficiently in the visible region of the solar spectrum, and,
second, once photoexcited, they act as an electron donor for the acceptor moiety. Pcs are
also good organic semiconducting chromophores, showing a prolonged photoresponse
in the 600–800 nm range, where the photon flux is maximum, further displaying high
charge-carrier mobilities and notable exciton diffusion lengths [75,76].

For instance, Leo and collaborators applied band structure engineering to tune the
band gap and band-edge energies [77]. Empirically combining different inorganic semi-
conductors was a strategy to reach such purposes by blending materials with different
energy levels [78], but this approach in organic semiconductors was prevented by the
strong localization of the electronic states in these materials. The authors circumvented this
issue by considering long-range Coulomb interactions, which enable continuous tuning in
blends [79]. They studied a ternary bulk heterojunction of Pcs 1 and 2 (Figure 3) as donors
with C60 as an acceptor and demonstrated by photoelectron spectroscopy the continuous
tuning of the ionization energies of Pc thin films by blending Pc 1 with their halogenated
derivatives, herein Pc 2. The mixing ratio of Pc 2 and Pc 1 was varied from pure Pc 2 to pure
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Pc 1 while the C60 content was fixed at 60 weight percent. This in turn allows continued
tuning of the photovoltaic gap and open-circuit voltage of organic solar cells.

Figure 3. Pcs used in photovoltaic ternary systems.

Ke and Ameri reported a polymer/fullerene-based bulk heterojunction solar cell with
extended absorption bandwidth by blending axially substituted silicon phthalocyanines
(Pcs 3a–d) (Figure 3 [80]. The authors used a system based on poly(3-hexylthiophene)
(P3HT) and phenylC61-butyric acid methyl ester (PC61BM) as the electron donor and
acceptor, respectively. The influence of the linker size on cell efficiency was studied,
reaching a power conversion efficiency (PCE) of 4.14% bearing a 20% weight content of
phthalocyanine when Pc 3d was used. The authors attributed this higher efficiency of the
solar cell containing the Pc dye with a longer linker to weaker intramolecular interactions
as well as the higher solubility, which otherwise would cause aggregation.

Perovskite materials emerged recently, most prominently as components of solar
cells. Synthetic perovskites are recognized as potential inexpensive base materials for high-
efficiency commercial photovoltaics. These materials have unique photoelectric properties,
being suitable for light harvesting in photovoltaics, e.g., appropriate and adjustable band
gap [81], ambipolar charge transport [82], and long carrier diffusion length [83]. However,
several issues remain to be addressed, namely the instability of Perovskite solar cells
(PSC) [84–86]. One strategy is the use of improved hole-transporting materials (HTM),
which may enhance both the long-time stability and performance of PSCs [87,88]. In this
respect, phthalocyanines appeared as ideal partners due to their already highly suitable
properties for solar cells. Figure 4 depicts a cross-sectional image of a typical perovskite
solar cell device. It consists of a gold electrode, a HTM of a phthalocyanine, a light absorber
of perovskite, and a compact (dense) TiO2 (dTiO2) layer, deposited with a FTO/glass.

Figure 4. Representative cross-sectional image of a device based on phthalocyanine as HTM. Adapted
with permission from ref [89]. Copyright 2017 Elsevier.
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In recent years, several reports received merited attention, where some Pcs were used
as HTMs in perovskite solar cells (Figure 5). Table 1 shows the photovoltaic parameters
obtained for those PSCs employing Pcs as HTMs. The short-circuit current density JSC,
which can be obtained from the standard 100 mW/cm2 solar spectrum (AM1. 5), is deter-
mined by optical losses, that is, by considering that photons from a part of the spectrum are
either not absorbed in the solar cell or are absorbed without generating electron–hole pairs.
The short-circuit current is the current through the solar cell when the voltage across the
solar cell is zero (i.e., when the solar cell is short circuited). The open-circuit voltage, VOC,
is the maximum voltage available from a solar cell, and this occurs at zero current [63].
The open-circuit voltage corresponds to the amount of forward bias on the solar cell due to
the bias of the solar cell junction with the light-generated current. The short-circuit current
and the open-circuit voltage are the maximum current and voltage, respectively, from a
solar cell. However, at both of these operating points, the power from the solar cell is zero.
The “fill factor”, “FF”, is a parameter which, in conjunction with VOC and JSC, determines
the maximum power from a solar cell. Finally, the efficiency is the most commonly used
parameter to compare the performance of one solar cell to another. Efficiency is defined as
the ratio of energy output from the solar cell to input energy from the sun [63].

Figure 5. Pcs used in perovskite solar cells.

Table 1. Photovoltaic parameters obtained for perovskite solar cells employing phthalocyanines as hole-transporting materials.

Entry JSC (mA/cm2) VOC (V) FF PCE (%) Cell Configuration 1 Ref.

1 11.79 1.04 0.64 8.24 dTiO2/mpTiO2/perovskite/Pc 4a/Au [90]
2 20.83 1.07 0.64 14.35 dTiO2/mpTiO2/perovskite/Pc 4b/Au [89]
3 20.46 1.06 0.58 12.72 dTiO2/mpTiO2/perovskite/Pc 4c/Au [89]
4 21.00 1.10 0.68 15.74 dTiO2/mpTiO2/perovskite/Pc 3 4/Au [91]
5 22.60 1.05 0.73 17.50 mpTiO2/m-perovskite/Pc 6/Au [92]
6 20.28 1.05 0.80 17.10 mpTiO2/m-perovskite/Pc 7/Au [93]
7 20.16 1.10 0.69 15.50 mpTiO2/m-perovskite/Pc 8/Au [93]
8 21.00 0.98 0.63 13.5 mpTiO2/m-perovskite/Pc 9/Carbon [94]
9 20.80 1.05 0.74 16.10 dTiO2/mpTiO2/MAPbI3-perovskite/Pc 10/Carbon [95]

10 23.28 0.98 0.67 15.39 SnO2:TiO2/m-perovskite/Pc 10/Carbon 2 [96]
11 22.41 1.07 0.73 17.46 Ni:TiO2/m-perovskite/Pc 10/Carbon 2 [97]
12 23.40 1.10 0.69 17.78 FTO/Zn:SnO2/m-perovskite/Pc 10/Carbon 2,3 [98]

Performances were recorded under full Sun AM 1.5G light (solar simulator 100 mW/cm2). JSC = short-circuit current density;
VOC = open-circuit voltage; FF = fill factor; PCE = power conversion efficiency; dTiO2 = dense TiO2; mpTiO2 = mesoporous TiO2;
m-perovskite = modified mixed-ion perovskite with ratio (FAPbI3)0.85(MAPbBr3)0.15; 1 all cells incorporate fluorine-doped tin oxide (FTO)
as lower layer (not represented); 2 modified perovskite as Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3; 3 this cell is TiO2 free.

For instance, Zhang and collaborators reported a small family of non-symmetrically
substituted phthalocyanines (Pcs 4a–c and 5, Figure 5), synthesized to be used as HTM in
PSCs [89–91]. Tetraphenoxy-substituted metallophthalocyanines 4a–c were studied (entries
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1–3, Table 1), and Zn as the central moiety was found to show higher performance with a
PCE = 14.35%. Hence, having Zn as a central metal, the same authors additionally com-
pared it with Pc 5 (entry 4, Table 1), a phthalocyanine bearing four peripheral oxyphenyl
butylester groups, which further increased PCE to 15.74% [91].

Along with HTMs, the choice of suitable thermally stable electron-transport materials
(ETMs) is essential to obtain highly efficient PSCs. Each material constituting the solar cells
must have first-rate thermal stability. TiO2 itself as an ETM is well-known to be thermally
stable up to 500 ◦C, while standard perovskite is reported to have excellent thermal robust-
ness up to 150 ◦C [99]. Additionally, light absorbers ought to be exceedingly thermally
stable as well. To that end, Seok and Seo developed a new PSC using copper Pc 6 as HTM
(Figure 5) [92], and organolead halide perovskite as a light absorber. The authors explored
the thermal stability of PSCs prepared from a PbI2-enriched mixed perovskite incorporating
formaminium(FA)/methylaminium(MA) in the (FAPbI3)0.85(MAPbBr3)0.15 ratio. Besides
reaching a very high value of average PCE = 17.50% (entry 5, Table 1 and Figure 6a),
the PSC showed superior thermal stability. The cell’s stability was compared to other
cells, incorporating 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-9,9′-spirobifluorene
(spiro-OMeTAD) and poly(triaryl amine) (PTAA). Cells incorporating these HTMs are
known to have high PCE values of ~20%; however, their presence reduces the stability of
PSCs to thermal stress because of the relatively low glass transition temperature [100–105].

Figure 6. Cell performance and thermal stability. (a) J–V curves for the best cell using Pc 6 as HTM
(in reverse (black) and forward (red) scans). The photovoltaic parameters of the best cell are shown in
the inset table (average values in blue); (b) Stability of the devices tested at different temperatures (25,
85, 100, 115, and 130 ◦C, respectively) for 30 min, employing Pc 6 (black color), spiro-OMeTAD (red
color), and PTAA (blue color); (c) Long-term stability of the devices stressed at 85 ◦C in air (25–30%
humidity), using Pc 7 (black color) and spiro-OMeTAD (blue color) and 1100 h stability of the device
utilizing Pc 6 at 85 ◦C in a nitrogen-filled glove box (red color); (d) J–V curves of a Pc 6 device before
and after the thermal cycling test of 50 cycles within the temperature range between −40 ◦C and
85 ◦C. Adapted with permission from ref [92]. Copyright 2018 The Royal Society of Chemistry.

Changes in efficiency observed with heat treatments on a hot plate adjusted to several
temperatures for 30 min are seen in Figure 6c, where the device incorporating Pc 6 exhibited
no observable reduction in the PCE on moving from room temperature to 120 ◦C and a
small decrease at 130 ◦C. Long-term thermal stability of Pc 6 based PSC, was also tested,
and again much higher stability was displayed by this device against the spiro-OMeTAD
containing device. Furthermore, even under exposure to ambient air (25 to 30% relative
humidity) at 85 ◦C, the device without encapsulation was stable for 200 h. The device was
also stable under thermal cycling tests for 50 cycles at temperatures ranging from −40 to
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85 ◦C in dry air. Notwithstanding the absence of encapsulation, the device practically
retained its initial PCE (98% of its initial PCE) [92].

Torres and Nazeeruddin reported a study using Pcs 7 and 8 (Figure 5) as HTMs in
PSC devices [93]. The PSCs incorporating Pcs with four peripheral hexylthiophene (7)
and hexylbisthiophene groups (8) were evaluated, and a crucial role of the molecular
aggregation of Pcs in HTM layers in the charge transport properties was demonstrated.
Using a combination of these Pcs with the mixed-ion modified perovskite light absorber
(FAPbI3)0.85(MAPbBr3)0.15, PCEs of average 17.1% and 15.50% (entries 6 and 7, Table 1) for
devices incorporating Pc 7 and Pc 8, respectively, were obtained.

Wang and Sun also attempted to modulate the phthalocyanine structure to enhance its
solubility in layer formation/deposition. They used Pc 9 (Figure 5) [94], bearing the widely
well-known and widely used triphenylamine (TPA) as the electron donor. The other main
change was the use of carbon as a cathode layer, a considerably cheaper option than using
a noble metal as a counter-electrode [103,104]. Nevertheless, the authors could not improve
the state of the art, reaching an average PCE of 13.50% (entry 8, Table 1). The same authors
later managed to improve PCE values by using Pc 10 as a HTM (Figure 5) and a MAPbI3
perovskite layer as an electron harvester, reaching a PCE = 16.10% (entry 9, Table 1) [95].

Liao, instead of using only TiO2 as an electron transport layer (ETL), assembled a
bilayer consisting of SnO2 and TiO2 [96]. The latter is, naturally, the most commonly used
ETL [106,107] due to its suitable energy band matching and high transmittance toward
visible light. However, the electron recombination rate for this ETL is very high due to
low electron mobility, which is always an issue to overcome. Thus, Liao’s research group
developed a PSC incorporating copper Pc 10 (Figure 5) as a HTM, carbon as a counter-
electrode, a modified perovskite layer as a light absorber with an increased amount of
Br ions [Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3], and a layered mixture of SnO2 and TiO2.
The device displayed a PCE = 15.39% (entry 9, Table 1) and showed almost no decrease in
PCE after 1200 h when stored in ambient air.

Pursuing their intents in improving the ETL capacity, the same authors produced a
carbon-based planar heterojunction PSC using high-crystallinity Ni-doped TiO2 as the
ETL, using copper Pc 10 (Figure 5) as the HTM [97]. They found that 0.01 M Ni doping
could cause an increase in the charge mobility of the TiO2 film, thus enhancing the charge
transport and extraction. An optimized PCE of 17.46% was therefore obtained (entry 10,
Table 1), comparable to the best values obtained for Au containing PSCs.

The same authors, who completely replaced TiO2 as the ETL and reported a low-
temperature processed Zn-doped SnO2 (below 200 ◦C) as the ETL [98], incorporating
carbon as counter electrode and Pc 10 (Figure 5) as the HTM, delivered a further step
forward in the research on PSCs. They observed improved conductivity for SnO2 films
doped with 2 mM Zn, resulting in efficient electron transfer and charge recombination
suppression. An optimal efficiency of 17.78% was obtained, maintaining almost 100% of
their initial efficiencies over 1200 h in ambient air.

3.2. Charge Transfer Materials

Transition metal dichalcogenides (TMDs) are layered two-dimensional (2D) materials
that attracted much recent interest, mostly due to their capability to modulate materials’
properties by the stacking of different compounds together [108].

This ability is enabled by the weak van der Waals bonding between layers and the
absence of hanging bonds at the interface. Since organic molecules are also bonded by van
der Waals forces, these readily combine with TMDs, providing synergized heterostructures.
Hence, these materials are the most promising semiconductor platforms, with MoS2 being
the most prominent member [109,110]. As phthalocyanines are robust, chemically stable
electron-rich systems with a high capability to generate charge-separated states, these are
ideal candidates to produce excellent semiconducting charge transfer materials.

For instance, Choi studied the electronic charge transfer between several TMDs,
such as MoS2, MoSe2, and WSe2, with Pcs 11 and 12 (Figure 7) [111]. They demon-
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strated that the photoluminescence emission could be selectively and reversibly modulated
through energetically favorable electron transfer from photo-excited TMDs to the metal-Pcs.
Nickel Pc 12, whose reduction potential is lower than the conduction band minima (CBM)
of monolayers MoSe2 and WSe2, but is higher than that of MoS2, acts as a photolumines-
cence quencher of MoSe2 and WSe2, but not MoS2. Similarly, Mg Pc 12 quenches only
WSe2, as its reduction potential is lower than those of the CBM of WSe2, but above those of
MoS2 and MoSe2. The authors also found that photocurrents from TMDs increased more
than two-fold, only when the PL was quenched by metalloPcs, further supporting the pho-
toinduced charge transfer mechanism. The quenched PL emission could be fully recovered
when the Pc molecules were removed from the TMD surfaces, allowing re-functionalization
and recycling.

Other authors studied the influence of zinc Pc 13 (Figure 7) in the interface with
MoS2 [112–114]. Chan found that the optically excited singlet exciton in Pc 13 is able
to transfer its electron to MoS2 in 80 fs after photoexcitation to form a charge transfer
exciton [112]. However, back electron transfer occurs on the time scale of ~1–100 ps,
resulting in the formation of a triplet exciton in the Pc layer. The authors attributed
this relatively fast singlet–triplet transition to the large singlet–triplet splitting in organic
materials and the strong spin–orbit coupling in TMD crystal layers. Furthermore, the same
authors demonstrated that the ZnPc 13/monolyered MoS2 behaves similar to typical
donor–acceptor interfaces, in which charge transfer excitons dissociate into electron–hole
pairs [113]. On the contrary, back electron transfer occurs at ZnPc/bulk-MoS2, resulting in
the formation of triplet excitons in the zinc Pc, due to the different amount of band bending
found in the Zn Pc 13 film deposited on monolayered-MoS2 and bulk-MoS2.

Figure 7. Phthalocyanines for application in semiconducting systems.

In addition, Zhai demonstrated the occurrence of ultrafast photoresponse dynamics
in monolayered MoS2 by using a charge transfer interface based on surface assembled zinc
phthalocyanine molecules (Pc 13, Figure 7) [114]. The formed Pc 13/MoS2 interface led
to the separation of photogenerated holes to ZnPc 13 molecules [115], suppressing slow
hole trapping in MoS2, thus offering the significantly improved photoresponse dynamics
in MoS2 detectors by almost three orders (from > 20 s to <8 ms for the decay).

Other researchers developed MoS2 nanosheets decorated with free base phthalocya-
nine (Pc 14, Figure 7) [116]. The semiconducting heterostructure was then studied for its
charge transfer properties. Using laterally confined MoS2 nanosheets, the conduction band
of the semiconductor was positioned between Pc’s S1 and S2 states, causing bidirectional
photoinduced electron transfer processes. On one side, excitation of Pc’s S2 state led to
electron injection into the MoS2 conduction band. However, charge transfer from the dye’s
S1 transition to the MoS2 nanosheet was found to be thermodynamically unfavorable,
resulting in intense radiative recombination.

Kummel prepared a van der Waals interface between a monolayer (ML) of titanyl
phthalocyanine (Pc 15, Figure 7) and a ML of MoS2 [117]. A strong negative charge
transfer from MoS2 to TiOPc molecules was observed and the ION/IOFF in backgated MoS2
transistors increased by more than two orders of magnitude, while the degradation in
the photoluminescence signal was suppressed. The defect passivation methodology used
permitted the demonstration that the defect states at low energy levels (near a conduction
band edge) was observed with S vacancies, while defects at deep energy levels (in the
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middle of a band gap) were not observed. Because the Pc 15/MoS2 charge transfer van
der Waals interface relied on the nonbonding interaction, it could present limitations in
passivating deep-level defect states, which may be overcome by the introduction of a
stronger interaction, perhaps a covalent one.

With that in mind, Sastre-Santos, D’Souza, and Tagmatarchis used zinc phthalocyanine
Pc 16 (Figure 7) bearing an 1,2-dithiolane oxide linker to functionalize MoS2 at defect
sites located at the edges of the semiconducting surface [118]. The energy-level diagram
depicted in Figure 8 shows different photochemical processes in Pc 16-MoS2, demonstrating
a bidirectional electron transfer leading to a charge separated state of Pc 16 (ZnPc•+)-
MoS2•−. Marked evidence of the charge transfer in the hybrid material was demonstrated
with involvement of excitons generated in MoS2 in promoting the charge transfer while
the transfer was also possible when Pc 16 was excited, suggesting their potential in light-
energy-harvesting devices.

Figure 8. Energy-level diagram showing possible photochemical processes occurring in the Pc
16-MoS2 hybrid material. Solid arrows show major processes; dashed arrows show minor ones.
Adapted with permission from ref [118]. Copyright 2019 John Wiley and Sons.

In addition to the charge carriers generated by charge transfer, organic phototransistors
are devices that convert incident optical signals to electrical signals with amplification
properties, and photomemory devices convert and also store the light information as
an electrical signal, which is a building block for optical signal processing and photonic
neuromorphic circuits [119]. Sun and Gao prepared organic heterojunction phototransistors
based on phthalocyanine/para-sexiphenyl (Pc/p-6P) thin films [120,121]. In one case,
they used vanadyl Pc 17 (Figure 7) [120]. Under 365 nm ultraviolet light irradiation, the ratio
of photocurrent and dark current and photoresponsivity of the phototransistor were about
1.5 × 105 and 87 A/W, respectively. After applying a light pulse (4.2 mW/cm2, 100 ms) on
the device, the stored current level lasted for ~5000 s with only a 20% decrease, indicating
a good photomemory behavior. In the other study, the authors used copper Pc 18 and
managed to input an important role of the para-sexiphenyl thin film on the performance of
CuPc 18/p-6P heterojunction phototransistors [121]. It acted as a molecular template layer
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to induce the growth of highly ordered CuPc thin film, improving the charge transport and
decreasing the grain boundaries. On the other hand, the p-6P thin film formed an effective
heterojunction with Pc 18 thin film, enhancing the light absorption and photogenerated
carriers. Under 365 nm ultraviolet light irradiation, the ratio of photocurrent to dark current
and photoresponsivity of Pc 18/p-6P heterojunction phototransistors reached ca. 2.2 × 104

and 4.3 × 102 A/W, respectively, which are much larger than that of Pc 18 phototransistors
of ca. 2.7 × 102 and 7.3 A/W, respectively.

3.3. Photocatalysis

The use of phthalocyanines in photocatalysis is useful for light-triggered processes.
Pcs are particularly applicable in composited photocatalytic materials that need visible
light, deliberately inspired from photodynamic therapy in medical applications related
to cancer treatment, or through the coupling of photosensitizing Pcs with semiconductor
materials, intentionally inspired from cells in photovoltaic applications.

For instance, Tang and Jing reported the synthesis of an H-bond linked unsubstituted
zinc phthalocyanine Pc 19/BiVO4 nanosheet composite (Figure 9) [122], which managed
to function as a visible-light-driven photocatalyst for converting CO2 into CO and CH4
(under monochromatic beams at 520 and 660 nm), with the Pc presence as cause for a
16-fold increase over the BIVO4 performance (only at 520 nm).

Figure 9. Pcs used in photocatalysis.

On the other hand, Jain prepared a nanoparticulated composite by the grafting of
cobalt (II) Pc 19 (Figure 9) on the core-shell Ni/NiO semiconductor for the photocatalytic
reduction of CO2 to methanol under visible illumination [123]. The photocatalyst (10%
Pc 19) exhibited a remarkable enhancement in the yield of methanol as compared to the
semiconductor Ni/NiO and Pc 19 for CO2 reduction under identical conditions (a 12-
and 8.5-fold increase, respectively). The maximum yield of methanol was found to be a
~3640 µmol/g catalyst with the conversion rate of ~152 µmol/g h, with reusability up to
four times without loss of activity. The same group further reported another photocata-
lyst [124], which was prepared by intercalation of tetracarboxy-substituted Pc 20 (Figure 9)
into graphitic carbon nitride g-C3N4. The best results were obtained with the photocatalyst
containing 10% Pc 20, with an 11- and a 7-fold increase in methanol production when
compared to g-C3N4 and Pc 20 alone, respectively. The maximum methanol yields were
12,930 µmol/g catalyst after 24 h irradiation (rate = 540 µmol/g h).

Reisner prepared a photocatalyst based on mesoporous graphitic carbon nitride (mpg-
CNx), incorporating the polymeric Co(II) Pc 21 (Figure 9) [125]. Under full solar spec-
trum irradiation, the photocatalyst mpg-CNx:Pc 22 (~12 mmol Co/g catalyst) generated a
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1000 mmol CO/g catalyst after 48 h with 85% selectivity (TONCO = 85), a 65% increase in ac-
tivity compared to that under visible light alone (607 mmol CO/g after 48 h, TONCO = 51).
However, the catalyst only retained 85% of its activity after the second run.

Boyer used Pc 23 (Figure 9) in the radical polymerization of (meth)acrylate and
(meth)acrylamide monomers [126], in combination with the solvent N-methyl-2-pyrrolidone
(NMP), as a photoinitiation catalyst under visible and near-infrared light. The Pc reacted
via a reductive quenching pathway to oxidize NMP to a NMP radical, which could directly
initiate the polymerization of monomers. (Meth)acrylate and (meth)acrylamide monomers
were initiated through a photoinduced electron/energy transfer process and subsequently
controlled through reversible addition–fragmentation chain transfer equilibria. Thanks
to the high molar extinction coefficients of Pc 23, polymerization was accessible with an
ultralow (5 ppm) catalyst concentration, besides tolerance to elemental oxygen.

Yilmaz and Versace reported Pc 24 (Figure 9) as a photoinitiator for free-radical and
cationic photopolymerization reactions [127]. They combined the visible light-sensitive
anthraquinone functionality with the phthalocyanine, further using a suitable electron ac-
ceptor for cationic polymerization (iodonium salt), and an electron donor (methyldiethanol
amine, MDEA), or H-donor (thiol derivative, trithiol), for the free-radical polymerization.
These combinations, carried out under visible light irradiation, promoted high acrylate
and epoxy conversions with efficiency comparable to well-known camphorquinone-based
photoinitiating systems [128,129].

Moth-Poulsen used Pc 20 (Figure 9) as a photocatalyst in a molecular photoswitch-
ing system [130], so-called molecular solar thermal energy storage (MOST). In this in-
teresting concept, sunlight is collected and stored via photochemical reaction under
flow conditions. When energy is required, a solution of the metastable molecule can
be passed through a catalytic bed reactor to release the energy in the form of heat, which
could be used for, in this instance, heating water or creating steam (Figure 10a). In the
study, the authors used a norbornadiene derivative (NBD1), with improved absorptivity
(λmax = 326 nm = 1.3 × 104 M−1 cm−1. Pc 20 was then used to promote the photoisomer-
ization of NBD1 into quadricyclane QC1, the couple isomer of the former compound,
with high photoisomerization quantum yield (61%). QC1 was characterized by its long
half-life (t1/2 = 30 days at 25 ◦C) and high solubility (Cmax = 1.52 M for QC1 in toluene).
Moreover, by using the small reaction center of the heterogeneous Pc 20 photocatalyst
(Figure 10b), the stored energy could be efficiently released. A macroscopic heat release of
up to ~63 ◦C using a 1.5 M solution of QC1 was measured, with sustaining a reaction rate
in toluene of 1.2 × 104 s−1 M−1 and a minimum TON of 482.

Figure 10. (a) Operating set up based on the MOST concept; (b) Catalytic cycle for the back-reaction. Adapted with
permission from ref [130]. Copyright 2019 The Royal Society of Chemistry.

Degradation of pollutants present in the environment is crucial ensure continuity of
life on Earth, since avoiding its pollution has been an impossible design. Among the many
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removal/degradation processes, advanced oxidation processes (AOPs) refer specifically to
processes in which the oxidation of compounds occurs primarily through reactions with
reactive oxygen species (ROS), and the reaction of these species with the target pollutants
in water [67,69,131]. AOPs are considered as effective water treatment technologies. Par-
ticularly, semiconductor photocatalysis is one of the most effective technologies for the
destruction of pollutants in water. As already pointed out, Pcs are photosensitizers that
efficiently generate ROS and, hence, have been used in the photocatalytic degradation of
many pollutants.

For instance, Lu’s group reported the synthesis of photocatalysts Pc 25 and 26 (Figure 11)
for the efficient and reusable photodegradation of pollutants rhodamine B (RhB) [132–134]
and 4-chlorophenol (4-CP) [132,133] carbamazepine (CBZ) [133–135] and sulfaquinoxaline
sodium (SQS) [134] under visible irradiation. In all cases, besides photogenerated holes,
the presence of singlet oxygen (1O2), superoxide radical (•O2

−), and hydroxyl radical
(•OH) was evidenced in the visible light-responsive catalytic system.

Figure 11. Immobilized phthalocyanine photocatalysts for degradation of pollutants. Structure of
compound 27 was adapted with permission from ref [136]. Copyright 2017 Elsevier.

Liang and Li prepared photocatalyst 27 (Figure 11) [136], consisting of a zirconium-based
metal organic framework [MOF UIO-66 (NH2)], covalently coupled with α-tetracarboxy
substituted Zn Pc, Which was prepared via a facile condensation process. Compared with
the mixture of α-tetracarboxy Zn Pc and Zr-UIO-66 by impregnation, 27 presented an
enhanced photocatalytic activity for the degradation of methylene blue (MB) under visible-
light irradiation. The formation of strong covalent bonds and a synergistic interaction
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between α-tetracarboxy Zn Pc and UIO-66 (NH2) proved more effective, retaining its
stability after five recycles.

Duan promoted the covalent immobilization of β-tetracarboxy Zn Pc on the surface
of TiO2 coated magnetite, obtaining catalyst 28 (Figure 11) [137]. The absorption light
range was effectively broadened from the ultraviolet to visible region, and photocatalytic
studies revealed a high decomposition rate of RhB under visible and sun light, retaining its
photocatalytic activity for four cycles.

Dong produced a visible-light-driven water-fueled micromotor based on iron Pc 29
(Figure 11) [138]. These micromotors are micrometer-sized machines, capable to undergo
photoinduced self-propelling movement. In this case, the photocatalyst, prepared by
emulsification of a gelatin solution of Pc 29 in olive oil, yielding the spherical micromotors,
exhibited visible-light-driven self-propulsion behavior using water fuel based on the
photocatalytic reaction and self-diffusiophoresis mechanism. The system showed good
photocatalytic activity in the degradation of the RhB pollutant, with a normalized reaction
rate constant of 2.49 × 10−2 L/m2 s.

We can generally observe that Pc’s structure is not definite in providing adequate
properties to any certain photocatalytic purpose. The most important issue regards the “to
all cost” leaching prevention, since it hampers reusability to a large extent.

3.4. Nonlinear Optics

The control of the transmission of the energy transported by optical waves is of ex-
treme importance for the realization of advanced technologies that require high speed
of operation and fast switching. Nonlinear optics (NLO) are an example of such a tech-
nological application, where phthalocyanines may play a prominent role, motivated by
the fact that the optical properties of such annulated systems can be finely modulated in
a controlled fashion by changing the chemical structure of the complex. These changes
involve the variation of the central metal, the extent of electronic conjugation of the ring,
the nature and the number of peripheral ligands, and the eventual introduction of ax-
ial ligands coordinated by central metals with a valence higher than +2 [64,65,139,140].
The definition of NLO mechanisms can be seen in references [64,65].

For instance, Qi and Jiang reported Pcs 30 and 31 (Figure 12), bearing four and
eight dibutylamino groups, respectively [141]. Electronic absorption spectroscopic stud-
ies revealed the more effective conjugation of the nitrogen lone pair of electrons in the
dibutylamino side chains with the Pc π system in 30 than in 31, which, in turn, resulted in
superior third-order NLO properties. This was demonstrated by a larger effective imagi-
nary third-order molecular susceptibility, a crucial parameter to define nonlinearity of a
material ((Im{χ(3)}) of 6.5 × 10−11 esu for the former and 3.4 × 10−11 esu for the latter one).

The electronic absorption spectra of Pcs 30 and 31 were recorded in CHCl3, where
30 shows a characteristic non-aggregated absorption spectrum of the metal-free phthalo-
cyanines with a relatively broadened Soret absorption band appearing at 340 nm and a
broad Q band at 765 nm. Of note, theoretical calculations revealed that, unlike typical
metal-free Pcs [142,143], the Q band for 30 did not get split because of the more effective
p-π conjugation between the peripheral nitrogen atoms and the central phthalocyanine
chromophore, therefore extending the effective conjugation system for Pc 30 (Figure 13).
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The nonlinear optical properties of carbazole substituted phthalocyanines were also
reported by Giribabu and Rao Soma, having the carbazole units linked either through aro-
matic C-C bonds or C-N bonds (Figure 13, 32 and 33, respectively) [144]. This particularity
was revealed as crucial for the NLO properties of 32 and 33, which were investigated using
the Z-scan technique and femtosecond (fs) pulses, with kHz and MHz repetition rates,
where two-photon absorption (TPA) was the dominant mechanism observed. At 800 nm
under kHz pulses, Pc 32 displayed (Im{χ(3)}) = 3.9 × 10−15 esu while Pc 33 showed a
(Im{χ(3)}) = 7.9 × 10−14 esu, 20 times higher.

The nonlinear optical properties of the polymeric carboxyl phthalocyanines with
lanthanum (34a), holmium (34b), and ytterbium (34c) as central metals (Figure 12) were
investigated using a by-scan method using a picosecond 532 nm laser [145]. NLO response
was attributed to the reverse saturable absorption and self-focus refraction, decreasing
in the order 34a > 34b > 34c with Im{χ(3)} values of 4.86 × 10−12 esu, 4.18 × 10−12 esu
and 3.60 × 10−12 esu, respectively. Furthermore, 34a showed a limiting threshold (that is,
the incident fluence at which the transmittance drops to half) of 0.32 J/cm2, while 34b and
34c displayed higher values of 0.5 J/cm2 and 0.8 J/cm2, respectively.

Figure 14 shows the nonlinear absorption of the three polymeric carboxyl phthalocya-
nines under open aperture conditions in the Z-scan test (left). All curves exhibit valleys,
which indicate the reverse saturable absorption with a positive coefficient. Under closed
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aperture conditions (right), the valley-to-peak forms suggest a self-focus effect of nonlinear
reflection [145].

Figure 14. The nonlinear absorption and fitting curves (solid lines) of polymeric carboxyl phthalocyanines Z-scan (left:
closed aperture; right: open aperture). Adapted with permission from ref [144]. Copyright 2017 American Chemical Society.

Prolifically, Nyokong’s group reported the NLO properties of several phthalocyanine-
based hybrid materials, of which we highlight compound 35–38 (Figure 15) [146–148].
For instance, double- and triple-decker phthalocyanines 35-QD and 36-QD were linked
to mercaptosuccinic acid-capped ternary CdSeTe/CdTeS/ZnSeS quantum dots (QD),
and their optical power limiting (OPL) properties were evaluated by the open-aperture
Z-scan technique (532 nm laser and pulse rate of 10 ns) [146]. It was observed that both
lowering of molecular symmetry and expansion of the π electron system upon moving
from double- to triple-decker complexes significantly improves the OPL characteristics,
making the low-symmetry triple-decker complex 36-QD the most efficient optical limiter,
affording 50% lowering of light transmittance below 0.5 J/cm2 input fluence, with a Im{χ(3)}
value of 4.2 × 10−11 esu (Figure 16).

Figure 15. Phthalocyanine hybrid materials for NLO.
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Figure 16. Transmittance of sandwich complexes and their conjugates with QDs depending on
the incident fluence, performed at a pulse rate of 10 ns and I0 ≈ 0.33 GW/cm2. The red solid line
corresponds to 50% transmittance (limiting threshold). Adapted with permission from ref [146].
Copyright 2017 John Wiley and Sons.

The same authors measured the nonlinear absorption behavior of hybrids 36a–b by
using the open aperture z-scan technique with excitation pulses of 10 ns at a wavelength
of 532 nm and a peak intensity of 50.0 MW/cm2 [147]. A comparison with similar hy-
brid materials continuing other central moieties demonstrated that the In(III) containing
complexes showed the best OPL performance, limiting thresholds of 0.14 and 0.12 for 36a
and 36b, respectively. In sequence, the same group covalently attached a ball-type indium
phthalocyanine to glutathione capped (Ag, Au, CdTeSe, CdTeSe/ZnO) nanoparticles [148].
The optical limiting threshold ranged from 0.40 to 0.78 J/cm2, with the complex 37a ac-
counting for the most improved triplet state parameters and nonlinear optical behavior
(0.40 J/cm2).

4. Conclusions

Phthalocyanines find many photomaterial applications, where their photo-properties
need to reach exquisite levels; the objectives are to modulate Pcs’ photophysical prop-
erties, while ensuring their maneuverability in adequate media and ensuring stability
for the macrocycle. Since Pcs usually act in combination with other materials, careful
interfacial engineering should hold the key to enhance the applicability of phthalocyanine
as photomaterials.

Many authors have been successful in their endeavors in recent years. Most of the
applications require the utilization of previous knowledge, particularly regarding strategies
to enhance Pcs’ photophysical characteristics; nevertheless, a great deal of discoveries and
milestones arise from empirical knowledge.
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and/or keywords in search engines Scopus and Web of Science (WoS), Figure S2: Country weight
in publication of articles by five-year span, from 1971 to 2020. Articles were found by using search
string “phthalocyanin*” followed by refining with term “photo*”. (a) 1971–1975; (b) 1976–1980; (c)
1981–1985; (d) 1986–1990; (e) 1991–1995; (f) 1996–2000; (g) 2001–2005; (h) 2006–2010; (i) 2011–2015; (j)
2016–2020.
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