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Abstract: Phthalocyanines are tetrapyrrolic artificial porphyrinoids that play major roles in advanced biological and technological
applications. Research on this family of dyes is particularly active in Tiirkiye, with many derivatives being prepared from 4,5-dihexyl-
thiophthalonitrile DiSHexPN, which is one of the most popular noncommercially available building blocks for phthalocyanines. This
review summarizes the phthalocyanines and their versatile properties and applications that have been published since 1994, when the
synthesis of DiSHexPN was first described, to emphasize the importance of this building block in plentiful applications, all with bio-
medical or technological impact.
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1. Introduction

Many phthalocyanines are synthesized from commercially available phthalonitriles, the currently most popular building
block for this family of artificial tetrapyrrolic porphyrinoid compounds. Pristine phthalonitrile and 4-tert-butyl-
phthalonitrile may be the most commonly used, and are directly employed in the cyclotetramerization reaction leading to the
formation of the phthalocyanine macrocycle. 4-Nitrophthalonitrile, 3-nitrophthalonitrile, and 4,5-dichlorophthalonitrile
are also extremely widely used in phthalocyanine synthesis, but as intermediates to prepare substituted phthalonitriles.
This review will focus on the role of 4,5-dihexylthiophthalonitrile for multiple reasons:- the availability of hexanediol and
its relative affordability;

- the excellent solubility of resulting symmetrically substituted phthalocyanines in a large range of organic solvents,
including hexane, and its low polarity allowing straightforward chromatographic purifications (unlike analogous alkoxy
substituted phthalocyanines [1]);

- the commercial availability of many other alkanethiols, allowing the preparation of series of phthalocyanines to explore
the effect of chain length on various properties;

- it may be the noncommercially available most widely used phthalonitrile. This assertion may be difficult to prove, but
we identified 70+ publications that deal with this phthalonitrile or with phthalocyanines prepared using it. No other
phthalonitrile amongst the different structures tested in SciFinder has been shown to be related to so many references;

- unlike phthalocyanine prepared using a monosubstituted phthalonitrile, the huge majority of the phthalocyanines
prepared from 4,5-dihexylthiophthalonitrile exist as single compounds instead of regioisomeric mixtures. This is also true
for phthalocyanines prepared from 4,5- and 3,6-disubstituted phthalonitriles.

- the fact that amongst the 70+ publications dealing with our title compounds, 60+ are from Turkish authors, including
the first ever reported (Figure 1), reflecting that 4,5-dihexylthiophthalonitrile is a popular phthalocyanine building block,
especially in Tiirkiye, which makes the topic especially relevant for this special issue.

2. Synthesis of 4,5-dihexylthiophthalonitrile
The reaction of hexanethiol with 4,5-dichlorophthalonitrile was first reported by Profs. Ayse Giil Giirek and Ozer
Bekaroglu in a seminal paper published in J. Chem. Soc. Dalton Trans. in 1994 (Figure 1A). Since then, this paper appears
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Octakis(alkylthio)-substituted Phthalocyanines and their
Interactions with Silver(1) and Palladium(n) lons

Ayse Giil Giirek® and Ozer Bekaroglu **%

Preparations.—1,2-Di(alkylthio)-4,5-dicyanobenzenes Ya and
C Ib. The alkanethiol [hexanethiol (7.165 g, 60.6 mmol) or
dodecanethiol (12.27 g, 60.6 mmol)] was dissolved in absolute
B cl CN RS. CN dimethy] sulfoxide (35 cm®) under argon and 1,2-dichloro-4,5-
2RSH + I:( ) j@ dicyanobenzene (5.91 g, 30 mmol) was added. After stirring for
15 min, finely ground anhydrous potassium carbonate (15 g, 109
cl CN RS CN mol) was added portionwise in 2 h with efficient stirring. The
Ia R=CeH reaction mixture was stirred under argon at room temperature
1b R=CoH for 12 h. Then water (100 cm®) was added and the aqueous
hahod phase extracted with chloroform (3 x 50 cm®). The combined
Scheme 1 (i) K,CO,, Me,SO extracts were treated first with sodium carbonate solution (5%),
then with water and dried over anhydrous sodium sulfate.
Solvent was evaporated and the oily product was crystallized
from EtOH and dried in vacuum (P,05). Compound Ia: yield
8.552(79%), m.p. 70 °C; V,,.., 2970, 2950, 2860, 2240, 1560, 1450,
1420, 1350, 1280, 1260, 1230, 1205, 1120,935,905 and 715cm™*.
Compound Ib: yield 12.61 g (80%), m.p. 58 °C; v,y,, 3000, 2980,
2900,2220, 1580, 1480, 1440, 1350, 1320, 1280, 1260, 1240, 1120,
940, 900 and 730 cm™.

Figure 1. A: Reproduction of the title part of the original article describing the synthesis of
DiSHexPN. B: Reproduction of scheme showing the synthesis of DiSHexPN in the same first
article. C: Reproduction of the experimental part describing the synthesis and purification
of DiSHexPN in the same first article. D: Left: Molecular structures of DiSHexPN. Middle:
View of the unit cell with the dotted lines showing the intermolecular interactions. Right:
Perspective view of Hirshfeld surface curvedness.

to have been cited a remarkable 184 times in the Web of Science as shown by a search conducted on 16 April 2023 [2].
4,5-Dihexylthiophthalonitrile (DiSHexPN) was prepared in 79% yield in DMSO using potassium carbonate as a base, as
shown by the reproduction of the synthesis pathway in Figure 1B and the reproduction of the description of the experimental
conditions from the original article in Figure 1C. This work followed the report of the synthesis of 4,5-dichlorophthalonitrile
[3] and its reaction with phenols, thiophenol and 1-propanethiol, the latter giving 4,5-propylthiophthalonitrile in 51%
yield only. Since this initial report, the crystallographic structure of 4,5-dihexylthiophthalonitrile, including its Hirshfeld
surface (Figure 1D), as well as a complete description of its spectroscopic properties in comparison with other alkanethio
substituents has been published [4,5].

Even though phthalonitriles are usually reported as precursors of phthalocyanines, they exhibit intrinsic properties
and DiSHexPN was found to exhibit good inhibition of stainless-steel corrosion, yet with a performance slightly lower
than that of a related phthalonitrile with a diethylamino-ethanethio substituent [6].

3. Symmetrically substituted MPc(SHex)8
DiSHexPN was used firstly to synthesize symmetrically substituted MPc(SHex)8 with M: 2H, Zn, Ni, Cu, Co, Mn, and Ti
(Figure 2A). It was also used to prepare the symmetrically substituted subphthalocyanine BCISubPc(SHex)6.

The first publication [2] immediately reported nearly all the existing MPc(SHex)8, with M: 2H, Zn, Ni, Cu, Co, in the
now classical DBU/pentanol conditions, and using MCl, or M(OAc), metal salts. Yields were excellent, around 40% for
all phthalocyanines, reflecting the high reactivity of DiSHexPN. Spectroscopic investigations in various organic solvents
demonstrated the existence of axial interactions between the sulfur atoms of one phthalocyanine with the central metal
of another one, for CuPc(SHex)8 and NiPc(SHex)8, which is supposed to be enhanced by the vicinal position of the two
thioethers substituents compared to tetrasubstituted SR phthalocyanines. To further explore the spectroscopic behavior
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Figure 2. A: General structure of MPc(SHex)8 phthalocyanines. B: Microphotograph of the texture
adopted by CuPc(SHex)8 observed under crossed polarizers. C: The dependence of sensor response on
concentrations of NO, for all MPc(SHex)8 [M = 2H, Ni, Cu, Zn] thin films at 150 °C. D: Left: structure of
MPc(SHex)8 and three other phthalocyanines, Right: their UV-Vis absorption spectra in DCM and THE.
E: Structures of TiPc(SHex)8 phthalocyanines.

of these first MPc(SHex)8, their interactions with Ag* and Pd** ions were monitored. The presence of Ag* reinforced
the aggregation, whereas the introduction of Pd** disrupted it entirely at a Pd**/phthalocyanine ratio. The complete
electrochemical characterization of the 2HPc(SHex)8, CuPc(SHex)8, and ZnPc(SHex)8 was performed shortly after this
first report [7].

Next, another crucial feature of MPc(SHex)8 was identified, which is their ability to form thermotropic liquid
crystalline discotic columnar mesophases, first by the 2HPc(SHex)8, CuPc(SHex)8, and CoPc(SHex)8 derivatives
[8]. Their transition temperatures were lower than those of their alkoxy counterparts and inversely proportional to the
chain lengths. The clearing point could not be determined as the liquid crystalline materials remained stable up to 300
°C but then decomposes instead of melting. Thin films could then be obtained by annealing of the NiPc(SHex)8 (as
well as the C12 analogues), and Raman spectroscopy was used to establish the dependence of film orientation on the
temperature of spin-coated phthalocyanine films. It clearly showed that well-ordered films are obtained upon heating
when the phthalocyanines have a disordered arrangement after the initial spin-coating/solvent evaporation [9]. Similarly,
the molecular rearrangement of CuPc(SHex)8 that has been spin-coated into thin films led to very organized films with
clear mesogenic patterns (Figure 2B) [10].

Such organized thin films are advantageous for many applications [11]. One of them is the monitoring of protein
absorption for biosensors. The adsorption of lysozyme, bovine serum albumin (BSA), and immunogamma globulin
(IgG) onto organized films of CuPc(SHex)8 has been monitored by quartz crystal microbalance dissipating monitoring
(QCM-D), showing that the adsorption rate was faster for lysozyme than for BSA and IgG, but led to more rigid materials,
whereas the adsorption of BSA and IgG is achieved with larger energy dissipation and results in water-rich soft multilayers,
due to the protein hydration state [12,13]. Comparative experiments of the adsorption of BSA onto films of CuPc(SHex)8
or NiPc(SHex)8 showed that it is more limited onto NiPc(SHex)8, which was correlated to their surface wettability
determined by contact angle measurements [14].

Phthalocyanines, as other porphyrinoids [15], are also known to be good chemical sensors [16-18], including against
nitric oxide, which is a major air pollutant as well as a biomarker of health issues [19]. Thin films of 2HPc(SHex)8,
NiPc(SHex)8, CuPc(SHex)8, and ZnPc(SHex)8 were tested against vapors of NO, in different amounts to evaluate their
potential as chemoresistive sensors. They exhibited excellent sensor response and response time and low temperature
operation, with 2HPc(SHex)8 showing the maximum sensor response (Figure 2C). Thin films of CuPc(SHex)8 coated
onto an interdigital transducer (IDT) were tested against nitric oxide and ozone with or without oxygen doping. It was
shown that the oxidizing gases could be desorbed by annealing the thin films [20].
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Another way to arrange phthalocyanines at the molecular level is to prepare self-assembled monolayers (SAM). The
presence of sulfur atoms was used to promote interactions onto gold electrode surfaces. The resulting devices coated with
electrochemically active CoPc(SHex)8 and MnPc(SHex)8 showed good potential for the detection of H,0,, which paved
the way for the development of enzyme activity monitoring such as glucose oxidase, which produces H,0, as a subproduct
of the conversion of glucose into gluconolactone [21].

In addition to their ability to self-assemble, MPc(SHex)8 phthalocyanines have a red-shifted maximum absorption at
far-red wavelengths, compared to other substitution patterns (except the octa SHex nonperipheral) or the unsubstituted
ones (Figure 2D) [22].

ZnPc(SHex)8 has been used for many spectroscopic works. Embedded into self-assembled peptide nanofibers, it gave
nanomaterials with ultrafast intermolecular energy transfer [23]. Due to its triplet state properties prompted by its efficient
ISC, ZnPc(SHex)8 in a condensed phase made of plasticized gelatin fibers was used for far-red triplet sensitized molecular
solid-state photoswitching of azobenzene [24].

The already red-shifted maximum absorption of classical MPc(SHex)8 can be further pushed to NIR wavelengths
with appropriate metalation, such as Ti metalation, which is especially efficient to red-shift the maximum absorption of
MPc(SHex)8 phthalocyanines. TiPc(SHex)8-cat with an axial catechol ligand exhibited a remarkable maximum absorption
at 739 nm [25], the carboxylic acid functionalized TiPc(SHex)8-cat-COOH having a Q band at 732 nm in DMSO (Figure
2E) [26]. The peculiar photoproperties of TiPc(SHex)8 prompted research towards more efficient synthetic methods, such
as solvent-free conditions [27]. DiSHexPN was used in a tetramerization reaction in the presence of urea and Ti(O'Pr)4
salt to yield O=TiPc(SHex)8 in high yields ranging from 16% to 42%, without the formation of 2HPc(SHex)8, which
usually complicates purification procedures.

Finally, more specific studies of the magnetic behavior of CuPc(SHex)8 [28] and of its photoconductivity when
included in TiO, nanotube-CuPc(SHex)8 heterojunction [29] have been reported.

4. Monomeric asymmetric substitution patterns
Phthalocyanines are composed of four different subunits. On each of these subunits, there are four positions likely to be
substituted, with different grafting atoms or functions, and possibly functionalization or active moieties. Each subunit
can have the same substituents or different ones; hence different substitution patterns have been defined (Figure 3). If
A,B phthalocyanines are common, A B, phthalocyanines are rarer, and only a handful of ABAC [30] and ABCD ([31]
phthalocyanines have been reported.

Synthetic methods to access asymmetrically substituted phthalocyanines are based either on the statistical mixture of
two precursors, which often implies tedious chromatographic separation steps, or on more selective methods that have
other drawbacks, such as limited yield and/or access to the precursors [32].

Ad ; A3B ; AABB
j ABAB z ABAC : ABCD

Figure 3. The different substitution patterns of phthalocyanines.
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A,B derivatives can be prepared by a statistical mixture of two phthalocyanine precursors, preferentially of the same
reactivity, and which are usually phthalonitriles, or by preparing the subphthalocyanine of the A substituent and reacting it
with the diiminoisoindoline of the B substituent [33]. This latter method leads to the free-base phthalocyanine (which can
further undergo a metalation reaction) and is claimed to be selective but phthalocyanines with other substitution patterns
have been observed after such a reaction.

Due to its advantages mentioned above, the diSHex substituent has been widely used to prepare various asymmetrically
substituted phthalocyanines, which will be displayed in several subsections below: monomeric asymmetrically substituted
with two different substituents, monomeric asymmetrically substituted phthalocyanines conjugated to another active
moiety or material, dimeric phthalocyanines, trimeric phthalocyanines, and other multimeric constructs.

4.1. Monomeric asymmetrically substituted phthalocyanines with two different substituents

Except for one exception (to the best of our knowledge), all the monomeric asymmetrically substituted phthalocyanines
with two different substituents—one of them being diSHex—are of the A B type, and their schematic structure is
represented in Figure 4A, with the general abbreviation being MPc(SHex)6-X. The first derivatives ever prepared were
synthesized via the subphthalocyanine opening method, having BCISubPc(SHex)6 reacting with diiminoisoindoline (aka
isoindoline-1,3-diimine) or 5-nitroisoindoline-1,3-diimine (Figure 4B), giving 2HPc(SHex)6-A and 2HPc(SHex)6-B. The
nitro function is a potential precursor of amine function, and a similar phthalocyanine with SC _H., chains successfully
underwent reduction for subsequent amidification reactions [34]. All the other monomeric A,B phthalocyanines have
been prepared via the statistical method, by reacting a mixture of two precursors. Chromatographic purifications were
readily possible thanks to the difference in polarity between MPc(SHex)8 and MPc(SHex)6-X.

Two phthalocyanines resulting from a reaction between DiSHexPN and 1,2-(hydroxyethylthio)-phthalonitrile
(pristine or modified) have been reported (Figure 4C). Acetylated 1,2-(hydroxyethylthio)-phthalonitrile reacted with
DiSHexPN to yield MPc(SHex)6-C (M: Zn, Ni, and Co) [35]. The reaction was performed in anhydrous DME, avoiding
potential transesterification by using pentanol or hexanol as the solvent. 1,2-(Hydroxyethylthio)-phthalonitrile reacted
with DiSHexPN to yield MPc(SHex)6-D (M: Zn, Ni, and Co) in similar conditions [36].

MPc(SHex)6-E (M: Zn, Ni, and Co) were obtained from 1-[(benzo-15-crown-5)-4-ylJoxyphthalonitrile [37] and
DiSHexPN ([38]. Titration experiments with alkali metal ions (Na* and K*) of ZnPc(SHex)6-E and NiPc(SHex)6-E
were performed by potentiometry measurements and revealed that the ions induce dimerization of the phthalocyanines,
especially efficient when K* is used (Figure 4D).

ZnPc(SHex)6-Fis the only example that was prepared with a statistical mixture of DiSHexPN and of a diiminoisoindoline
bearing the 1,2,5-thiadiazole, yielding a push-pull derivative that complexes Ag* ions as demonstrated by titration
experiments. The phthalocyanine is also amphiphilic, and the presence of the Ag* ions in the water subphase induces a tilt
of the self-ordered phthalocyanines at the air-water interface, promoting the formation of J-aggregates (Figure 4E) [39].

Alkynyl functions inserted directly at the periphery of the phthalocyanine macrocycle enhance the electronic
delocalization and induce of red-shift of the maximum absorption, an effect that is further increased when another
conjugated moiety is present. MPc(SHex)6-G (M: Zn, Ni, and Co) [40] and MPc(SHex)6-H (M: 2H, Zn, and MnCl) [41]
(Figure 4F) have been prepared using the corresponding dialkynyl-substituted phthalonitriles, which were themselves
obtained via Sonogashira coupling performed on 4,5-dichlorophthalonitrile.

Other A,B phthalocyanines have been prepared with various B substituents and metals (Figure 4G). MPc(SHex)6-]
(M: Zn, Ni, and Co) have a bulky 6-[2-(2-pyridylmethylamino)phenylthiol substituent [42]. ZnPc(SHex)6-K has been
prepared via mixed cyclotetramerization of 4-chloro-5-(1,1-dicarbethoxymethyl)-phthalonitrile [43] and DiSHexPN [44].
This asymmetric phthalocyanine proved to be thermically more stable than the reference ZnPc(SHex)6. CoPc(SHex)6-L
has a 4-nitro-2-(octyloxy)phenoxy substituent and showed thermally activated conductivity dependence [45].

ZnPc(SHex)6-M is substituted by a morpholine moiety [46] that is known to potentiate the photodynamic activity
of phthalocyanine [47-49]. It offers also the possibility of further quaternization, which is very useful for antibacterial
photodynamic therapy. ZnPc(SHex)6-M exhibited promising properties for photodynamic therapy. ZnPc(SHex)6-N
and ZnPc(SHex)6-P were prepared from 4-tert-butylcarbamatephenoxy-substituted phthalonitrile, with the substituent
undergoing transcarbamoylation during the mixed cyclotetramerization reaction that was performed in pentanol [50].
ZnPc(SHex)6-Q carried a N,N’-ditosyl-o-phenylenediamine substituent and did not exhibit liquid crystalline thermotropic
properties, unlike related derivatives with longer alkanethiol chains [51].

Aminophthalocyanine ZnPc(SHex)6-R was prepared by a series of successive reactions performed on a
monohydroxylated phthalocyanine that was mesylated, underwent a nucleophilic reaction by sodium azide, and finally
a Staudinger reaction yielding the primary amine function. Photoproperties were studied in THE, dichloromethane, and
DMSO, in which the aggregation of ZnPc(SHex)6-R differs. The formation of highly emissive H-aggregates in all solvents
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could be demonstrated spectroscopically and confirmed by theoretical calculations. Lifetimes up to 48 ns were observed
(Figure 4H) [52].

Finally, the nonlinear and other spectroscopic properties of a series of 3 phthalocyanines (Figure 5A) composed of
ZnPc(SHex)6, of the A B derivative ZnPc(SHex)6-A, and of the crosswise asymmetric ZnPc(SHex)4-ABAB have been
comparatively studied in chloroform [53]. The cross-section of each phthalocyanine’s singlet and triplet excited absorption
excited states has been determined by single pulse and train-pulse Z-scan techniques at 532 nm, as well as the fluorescence
lifetime by time-resolved fluorescence experiments. The Q band maximum of ZnPc(SHex)6-A and ZnPc(SHex)4-ABAB
in chloroform is similar, blue-shifted by 10 nm compared to ZnPc(SHex)8 (Figure 5B). The influence of the asymmetry of
the substitution pattern is much more linear on the fluorescence quantum yields than on other spectroscopic parameters
(Figure 5C). This more proportional trend is also observed for the singlet excited state absorption cross-section values,
2.8 times higher than the grounds state absorption for ZnPc(SHex)6-A, 3.2 times higher for ZnPc(SHex)6-A, and 4 times
higher for ZnPc(SHex)4-ABAB (Figure 5D). Experiments with the white light continuum Z-scan (WLCZS) technique
showed the same trend, as seen in Figure 5E.
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Figure 5. A: Structure of the 3 phthalocyanines of the series (ZnPc(SHex)4, ZnPc(SHex)6-A and ZnPc(SHex)4-ABAB). B: Molar
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4.2. Monomeric asymmetrically substituted phthalocyanines conjugated to another active moiety or material

While the outstanding properties of phthalocyanines, especially their photoproperties, can be exploited in technological
applications [54,55], this often requires them to be combined with other active moieties or materials. Having DiSHex
substituents on three of the four isoindole subunits confers good solubility and facilitates the introduction of a
functionalization and facilitates the introduction of a functionalization on the fourth subunit, together with relatively easy
chromatographic purifications.

Photodynamic therapy is the most common biomedical application for phthalocyanines. The efficiency can be improved
by using amphiphilic photosensitizers or targeting units, which is why many phthalocyanines have been conjugated to
biomolecules [56].

The conjugation of phthalocyanines to carbohydrates via either classical glycosylation or click chemistry has been
reported onto Ni phthalocyanines (Figure 6A) [57,58]. The preparation of this series of conjugates is an example of how
functionalized phthalocyanines can be engaged in several further reactions instead of being the ultimate step of a synthetic
sequence. Monohydroxylated phthalocyanines with a propyloxy or a tetraethylene glycoloxy spacer were prepared, the
latter also being converted into the azido analogue. Direct glycosylation of the monohydroxy phthalocyanines behaving as
the glycosylation acceptor could be performed in remarkable yields using benzoylated glycopyranosyl trichloroacetimidate
donor (with B-glucose, p-galactose, a-mannose, and P-lactose carbohydrate skeleton). NiPc(SHex)6-prop-Gal and
NiPc(SHex)6-TEG-GlycSug were obtained in up to 90% yields following procedures optimized previously for others
glycoconjugates, followed by an ultimate carbohydrate deprotection reaction [59-61]. It is worth noting that these
reactions are performed at 0 °C, and that the excellent solubility conferred by the six SHex chains was crucial to be able to
engage the phthalocyanines in such glycosylation reactions. As previously mentioned for the synthesis of ZnPc(SHex)6-R,
intermediate monoazido phthalocyanine could be readily prepared and used in a click reaction with the same carbohydrates
in their acetylated propargylated form, the click reaction being performed in biphasic conditions in vigorously stirred
dichloromethane/water mixtures, using sodium ascorbate and copper sulfate pentahydrate as the CuAAC promoters [62].
NiPc(SHex)6-TEG-ClickSug were finally obtained after a last deprotection reaction.

Because photoproperties are very sensitive to substitution pattern variation [63], it was noted that these heptasubstituted
derivatives have a slightly blue-shifted maximum absorption compared to the MPc(SHex)8 that are usually used as the
references for spectroscopic measurements. PNSHexSHexOH has been prepared by reacting 4,5-dichlorophthalonitrile
with two different thiols. Mixed cyclotetramerization of PNSHexSHexOH with DiSHexPN gave ZnPc(SHex)6-HexOH,
which had exactly the same maximum absorption as ZnPc(SHex)8. Further functionalization by esterification with biotin
gave ZnPc(SHex)6-Biotin, a vitamin useful for cancer cell targeting (Figure 6B).

Also for biomedical applications, an elegant theranostic combination of photodynamic therapy and boron neutron
capture therapy (BNCT) dual agent has been envisioned when preparing the ZnPc(SHex)6-Carborane conjugate (Figure
6C) [64]. A monohydroxylated phthalocyanine could be successfully used in a reaction sequence, first Steglich esterification
with pentynoic acid. Next, reaction with decaborane afforded the final ZnPc(SHex)6-Carborane conjugate in 40% yield.

In addition to photodynamic biomedical purposes, the photoproperties of phthalocyaniens are widely used for
electron/energy transfer applications when they are combined with another spectroscopically photoactive molecule.

Maintaining pyrene and related aromatic molecules close to phthalocyanine to promote such electronic events has
been performed with various covalent assemblies [65,66]. Another strategy is the use of supramolecular constructs. The
phthalocyanine-resorcinarene hybrid (Figure 6D) [67] was designed to benefit from the pyrene-hosting capacity of the
resorcinarene cavitand, while the pyridine axially interacts weakly with the Zn phthalocyanine macrocycle. Titration
experiments using UV-Vis spectroscopy confirmed the role of the cavitand in the maximization of the phthalocyanine-
pyrene interactions.

Further, with the purpose to maximize the interactions between a Zn phthalocyanine core and another photoactive
moiety, thistime perylenediimide, 2HPc(SHex) 6-melanine was prepared to establish hydrogen bonds with perylenediimine.
Two 2HPc(SHex)6-melanine established each triple hydrogen bond with perylenediimine, forming 2+1 2HPc(SHex)6-
melanine®PDI constructs that can arrange in a SYN or an ANTI configuration (Figure 6E) [68]. Intramolecular electron
transfer was observed as well as a PDI/2HPc(SHex)6-melanine* species with a lifetime of several nanoseconds.

Light harvesting for electric current generation in DSSC is another frequent application of phthalocyanines combined
with materials such as titanium oxide [69]. Carboxylic acid functions are then necessary to anchor the phthalocyanines on
TiO,. To this end, many phthalocyanines have been prepared since the famous TT1 [70]. Introduced on a ZnPc(SHex)6
core, several derivatives using a pyrazole with a carboxylic acid function have been designed (Figure 6F) [71,72]. Incident
photon-to-current conversion efficiency (IPCE) showed the superior properties of ZnPc(SHex)6-Pyr-COOH compared
to ZnPc(SHex)6-OPhPyr-COOH, including when doped when chenodeoxycholic acid. The theoretically optimized
structure of ZnPc(SHex)6-Pyr-COOH showed a predominantly planar geometry.
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4.3. Dimeric

Several dimeric complexes of phthalocyanines (Figure 7) with DiSHex substituents have been identified, and can be divided
into two categories, depending on their general geometry imposed by their spacer. Either the two macrocycles are on the
same axis, or the whole construct has a so-called clamshell shape when the spacer maintains the two phthalocyanines
macrocycles on top of each other.

Three phthalocyanines with an axis-like spacer have been reported (Figure 7A). The azo-bridged one was prepared
by the reaction of two mono-nitro phthalocyanines with powdered Zn in a NaOH/MeOH/THF solution that formed
the azo bridge after reduction of the nitro function [73]. The same mono-nitro phthalocyanine precursor was used to
react with 4-nitro-o-phenylenediamine to form a new A B derivative, whose phenylenediamine function was converted
into a dioxime that finally dimerized [74]. A more simple 4,40-isopropylidendioxydiphenyl bridged dimeric complex was
formed by reacting a dimeric phthalonitrile with a large excess of DiSHexPN [75].

The two identified clamshell dimeric phthalocyanines were prepared from clamshell dimeric phthalonitriles, one with
a 1,I’-methylenedinaphthalen-2-oxy spacer [76] and the other with a crosswise functionalized calixarene (Figure 7B) [77].
The resulting dimeric phthalocyanines exhibited UV-Vis spectra reflecting the internal aggregation of the two macrocycles
closely maintained on top of each other.

4.4. Trimeric constructs

Different bridges have been used to form trimeric phthalocyanine constructs. It is interesting to note that the synthetic
strategy was different depending on the type of bridge selected, either by preparing a functionalized A,B phthalocyanine
reacting with the bridge precursorO or grafting first three phthalonitrile on the bridging unit before reaction with
DiSHexPN.
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The reaction of an A,B Zn phthalocyanine with three isoindole subunits having the diSHex substituent and the
fourth subunit having a primary amine function with cyanuric chloride (Figure 8A) readily gave the trimeric construct
[ZnPc(SHex)6]3-A with a triazine bridge [78]. Thanks to the SHex chains, aggregation in organic solvents was limited.

Three closely related trimeric constructs with an s-triazine bridging three oxygen-linked phthalocyanines [79] (Figure
8B) have been prepared by inserting first the phthalonitriles on the s-triazine, with the resulting trisphthalonitrile reacting
with 10 equivalents of DiSHexPN in the presence of the metal salt (Zn acetate, Co chloride, or Cu chloride) to yield
[MPc(SHex)6]3-B (M: Zn, Co, or Cu) that were slightly more aggregated.

Three other closely trimeric constructs, [MPc(SHex)6]3-C (M: Zn, Cu, or LuOAc), have been prepared, in which the
phthalocyanines are linked to the s-triazine bridge with sulfur atoms. The Zn and Cu derivatives could be prepared by mixed
cyclotetramerization of the trimeric phthalonitrile with DiSHexPN, but it was necessary to prepare the corresponding
diiminoisoindoline derivatives to obtain the Lu(OAc) trimeric phthalocyanine (Figure 8C) [80].

Finally, the borazine-bridged trimeric construct [ZnPc(SHex)6]3-D (Figure 8D) [81] was prepared from an A, B diamino
phthalocyanine reacting with triisopropoxyborane, and exhibited gas sensing properties quantified by electrochemical
and electrical techniques. It was tested against a large range of organic solvents and proved to have excellent properties, in
terms of both response time and high sensitivity, especially for chloroform, which is a volatile organic compound (VOC)
of interest.

4.5. Other multimeric constructs
A tetrameric and two hexameric phthalocyanine constructs have been prepared and all have been used for gas sensing
applications.

[ZnPc(SHex)6]4 and [CoPc(SHex)6]4 (Figure 9A) were obtained when a dimeric construct bridged by 2-nitro-2-
methyl-1,3-propanedioxy spacer reacted with powdered Zn in a Me/THF NaOH solution [82]. The sensing properties of
the resulting [ZnPc(SHex)6]4 and [CoPc(SHex)6]4 were tested for various VOC vapors (Figure 9B). The d.c. conductivity
experiments showed that the [ZnPc(SHex)6]4 tetrameric construct had the best sensitivity for the VOCs as well as
complete reversibility even at room temperature, which is a crucial parameter for such applications.

[ZnPc(SHex)6]6p and [ZnPc(SHex)6]6np were prepared by click chemistry, a powerful synthetic tool [83-85]. First,
two mono-azido phthalocyanines, one being a precursor of ZnPc(SHex)6-R and the other one differing only by the
nonperipheral position of the spacer, were prepared. They reacted with 2,3,6,7,10,11-hexakis(prop-2-ynyloxy)triphenylene
in excellent yields (50%) given that actually six click reactions are performed concomitantly (Figure 9C). Both constructs
were coated on surface acoustic wave (SAW) transducers via the electrospraying method and tested against acetone,
ethanol, n-hexane, toluene, chloroform, and isoprene, and exhibited the best sensitivity and LOD values against toluene
and ethanol vapors (Figure 9D).

5. Lanthanide double-decker and multidecker complexes

Phthalocyanines can form double-decker complexes with rare-earth metals, as well as triple and multiple complexes.
Other tetrapyrrolic derivatives such as porphyrins can be part of these complexes. When all the macrocycles are the same,
the complex is said to be homoleptic, and heteroleptic when the macrocycles are different, should it be only because of a
different substitution pattern or because different macrocycles are present. With triple- and multideckers, different metals
can be found on the whole structure. These complexes can be obtained directly during the cyclotetramerization reaction,
or by engaging nonmetalated phthalocyanines in metalation reactions with the rare-earth metals salts. A simple double-
decker can exhibit several electronic forms: reduced, neutral, and oxidized, which have specific magnetic, electrochemical,
and spectroscopic properties. In particular, their single molecule magnet (SSM) behavior is very suitable for quantum
computing and molecular spintronic technologies [86,87].

5.1. Lanthanide homoleptic double-decker complexes
The first homoleptic complex of octahexylthiophthalocyanine was reported by Profs. Ayse Giil Giirek and Vefa Ahsen
in a collaborative paper with a French team [88]. Lutetieum was used to complex two octahexylthio phthalocyanine
macrocycles. The molecule was prepared directly from the phthalonitrile (2.68 g, 7.43 mmol, 6.5 equiv) with anhydrous
Lu(OAc), (0.4 g, 1.14 mmol), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in hexan-1-ol, with a final yield of 11% of the
crystalline desired complex (Figure 10A). The oxidized form can be obtained by adding bromine of the complex dissolved
in chloroform, and the reduced form is generated by adding NaBH, to a tetrahydrofuran solution of the molecule (Figure
10B). The NMR spectra of these two forms can be recorded when deuterated solvents are employed, while only the peaks
corresponding to the alkyl signals can be obtained for the neutral form as it is magnetically active.

The X-ray single crystal structure of the neutral form could be obtained. It shows that the angle between the two
macrocycle is 42°, near to that for unsubstituted complex (45°) [89], meaning that the presence of the hexylthio chains has
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no significant effect on the structure, which is chiral. The magnetic behavior was modeled and revealed an antiferromagnetic
coupling along one-dimensional chain of spin S = 1/2 with g = 2.04. A full series was next formed with the synthesis of the
GdIIIL, DylIII, and SmIII complexes, which were obtained in ~30% yield [90]. X-ray analysis revealed that the metal did not

affect the angle between the two phthalocyanine rings.

Like the Lu complex, they crystallize in the monoclinic space group C2/c, and they all exhibit thermotropic mesogenic
liquid crystalline behavior forming form columnar-hexagonal mesophases (Figure 10C).
Thin films could be easily obtained by film-coating technique. Thin films of the dysprosium complex were used to
detect nicotinamide adenine dinucleotide hydride (NADH) in water solutions [91]. NADH reduces the complex into its
reduced form, and the film sensing capacity is restored upon exposure to nitric acid (HNO,) vapors. The system remained

stable even after 20 cycles (Figure 10D).
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(f) of [Pc(SHex)8]2Y.

More recently, the yttrium complex was also prepared, in 24% yield, using this time another type of lanthanide salt
(Y(acac)3-2H,0) with lower stoichiometry (8 equiv of salt relative to the phthalonitrile). The complex spontaneously
adsorb onto 1- phenyloctane (1-PO)/highly oriented pyrolytic graphite (HOPG) or 1-PO/Au(111) interfaces by scanning
tunneling microscopy (STM) with very high resolution (Figure 10E) [92]. Adsorption from micromolar solutions of
phthalocyanine gave well-ordered layers at the 1-PO/HOPG interface, but structures with islands using less concentrated
solutions. Due to the presence of sulfur atoms, the complex nucleated much more at the 1-PO/Au(111) interface, where it
exhibited much mobility and hence ability to self-order.
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Figure 11. A: Schematic representation of a Ln double-decker showing its octupolar distorted cube shape. B: Synthesis of the (ABAB)2Ln
complexes. C: X-ray crystallographic structure of (ABAB)2Ln and cubic-like coordination around the Lu atom.

5.2. Homoleptic complexes of ABAB

The ideal molecular octupole is a cube with alternating charges at each corner and electronic interactions through the
edges. Such objects have been conceptualized to have a noncentrosymmetry cancelling the molecule dipolar moment but
yet a giant quadratic hyperpolarizability originating from their second-order nonlinear optical properties. Lanthanide
complexes of phthalocyanines with an asymmetric ABAB substitution pattern appear suitable to realize such objects (Figure
11A), even if the cube would be slightly twisted due to the ~45° staggering angle between the two phthalocyanine rings
[93,94]. The ABAB free-base phthalocyanines with crosswise diSHex substitution have been prepared from more unusual
phthalocyanine precursors, using a selective synthetic method based on the use of a diiminoisoindoline carrying the two
hexylthio chains, and 1,3,3-trichloroisoindolenine, a method previously used for similar derivatives [95-97]. The ABAB
phthalocyanines were finally obtained using lanthanide acetate salt at high temperature (refluxing 1-chloronaphthalene)
and DBU as a base (Figures 11B and 11C). Five different (ABAB)2Ln double-decker complexes were prepared: Lu, Eu,
Nd, Y, and Dy.

Measurements of the dynamic molecular first hyperpolarizabilities by hyper-Rayleigh scattering (nonpolarized HLS)
using a 1907 nm incident wavelength confirmed the relevance of the design and evidenced the role of the metal. The
dynamic molecular first hyperpolarizability values ranged from 3010 x 10~ esu for the yttrium complex to 5760 x 10
esu for the lutetium one, all being remarkably large for these measurement conditions. A correlation with the number of f
electrons could also be established, as well as the reduced or oxidized state of the complexes.

5.3. Heteroleptic Ln complexes

Ln complexes in which at least one of the phthalocyanines has a DiSHex substituent are the topic of this subpart. Three
synthetic pathways are possible for such complexes: i) reacting DiSHexPN with another phthalonitrile in carefully devised
ratio in the presence of Ln salt, ii) reacting a formed monoLn phthalocyanine with phthalonitrile or diiminoisoindoline,
or iii) reacting two free-base phthalocyanines with Ln salt.

The first strategy was applied to the preparation of (Pc)2-Eu-monoOH and (Pc)2-Eu-diOH, which are to the best
of our knowledge the only functionalized double-deckers (Figure 12A) [98]. (Pc)2-Eu-diOH underwent further
reactions to increase the range of available functionalization by being converted into the dimesylated and the di-azido
complexes. (PcPc)2-M-(PcPc)2 (Figure 12B) were also synthesized by the mixed cyclotetramerization of DiSHexPN
and bis(diiminoisoindoline) in the presence of acac salts of lanthanides. The resulting complexes exhibited excellent
nonlinear optical values [99]. (Pc)3-Eu2-Eu2(Pc)3 was then obtained by reacting (PcPc)2-M-(PcPc)2 with DiSHexPN
and Eu(acac)3-nH,O in pentanol/DBU conditions to give this doubly triple-decker construct that exhibited remarkable
performance in ambipolar organic field effect transistors (Figure 12C) [100]. The synthesis of the other tetrameric [101]
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Figure 12. Structure of heteroleptic Ln double- and multideckers

Lu complex was performed by the second strategy, the free-based dimeric phthalocyanine being first activated by lithium

metalation and then reacting with DiSHexPN (Figure 12D). The hexameric Lu complex (Figure 12E) was prepared

following the third strategy, from the trimeric [2HPc(SHex)6]3-C trimeric construct reacting with 2HPc(SHex)6 [102].
One can guess that the purification of all the elaborated complexes requires thorough chromatographic steps and hence

good solubility in organic solvents, which is conferred by the diSHex chains.
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6. Disulfonylhexyl substituted phthalocyanines

Thioethers can be oxidized into sulfonyl functions, and this was done on alkanethiol-substituted phthalonitriles in 1996,
with many works by the Torres group to prepare push—pull phthalocyanines for their nonlinear optical properties [103].
DiSO,HexPN, MPc(SO,)8 and related asymmetrically substituted derivatives are prepared from DiSHexPN and hence

are within the scope of this review.

An overview of the possible synthetic pathways leading to MPc(SO,)8 (free-base or metalated) was conducted by
Jiang’s team in 2011 [104] and is presented in Figure 13A. The sulfonyl moiety has a very electrophilic sulfur atom that
renders it prone to nucleophilic attacks when classical conditions such as Li/pentanol are used, which is the reason why
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Figure 13. A: Synthetic pathways from DiSHexPN to MPc(SO,)8. B: Preparation of the heteroleptic N-bridged diiron phthalocyanine

complex FePc-N-FePc(SO2Hex)8, and DFT optimized geometries of FePc-N-FePc(SO2Hex)8[9-OOH] at the B3LYP level of

theory. Bond lengths are in angstroms and spin densities in atomic units. C: Bilayer heterojunction devices with NiPc(SO2Hex)8 and
NiPc(SHex)8, and the different charge transfer pathways at the interface of NiPc(SO2Hex)8 and NiPc(SHex)8/LuPc2 heterojunctions.
D: Preparation of ZnPc(SHex)6-NH, and grafting onto RGO with a porphyrin.
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basic conditions are not used. Yields are anyway satisfying due to the high reactivity of DiSO,HexPN in high-boiling point
solvents. These phthalocyanines were used in microwire devices and the measured conductivities -5.24 x 10 S.m™ for
2HPc(S0,)8, 2.73 x10™* S.m™* for CuPc(S0,)8, and 1.17 x 10”7 S.m™" for ZnPc(SO,)8 confirmed their potential.

The other advantage of using sulfonyl substituents is that the sulfur atom is at its maximum oxidation state, which
is especially suitable for oxidation catalysts. N-bridged diiron phthalocyanine complexes (also known as mu-mitrido
complexes) [105] are powerful oxidation catalysts [106], and therefore the DiSO,Hex substitution pattern both increases
their solubility in reaction solvents and avoids the risk of catalyst degradation. In order to gain more insights into the
catalytic mechanism of such oxidation reactions, the heteroleptic N-bridged diiron phthalocyanine complex FePc-N-
FePc(SO2Hex)8 (Figure 13B) was designed and prepared, demonstrating that the formation of the hyperoxo intermediate
occurs on the electron-rich phthalocyanine macrocycle, which was confirmed by theoretical calculations [107].

Used in ambipolar gas sensors devices [108], NiPc(SO2Hex)8 exhibited opposite electronic properties compared to
NiPc(SHex)8 (Figure 13C) when used in bilayer heterojunctions with LuPc,, which was useful for tailoring the properties
of the device.

Finally, the A2B asymmetric derivative ZnPc(SHex)6-NH, was prepared to be covalently conjugated onto reduced
graphene oxide (RGO) together with a porphyrin (Figure 13D) [109]. The resulting donor-m-acceptor graphene
nanoconjugate undergoes photoinduced cascading electron and charge transfer from the porphyrin to RGO and then
from RGO to the phthalocyanine, with long-lived charge separation. It also exhibited great nonlinear properties when
nanosecond laser irradiated at 532 nm, with an NLO coefficient superior to 800 cm/GW.
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