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The intense far-red absorption and emission features have made silicon phthalocyanines (SiPcs) distinct
from the structurally related porphyrin analogues. Unlike most other phthalocyanines, SiPcs possess two
additional axial bonds which reduce aggregation in solution and can be synthetically tailored, thereby
creating further scope for modulation of optical, chemical and electronic properties. Multiple synthetic
strategies have been employed for facile construction of symmetrical or unsymmetrical SiPc variants

Received 18th November 2020,
Accepted 5th January 2021

DOI: 10.1039/d00b02299¢

bearing desired substitutents at the axial and the aromatic ring positions. The overarching motive of this
concise review article is to highlight and summarize the key synthetic routes and the fast-emerging appli-
cations of SiPcs in photouncaging techniques, photothermal and photoimmunotherapy, photovoltaics,

rsc.li/obc optoelectronics and photocatalysis.

1. Introduction
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The mid-twentieth century witnessed a wave of enthusiasm
among researchers in developing new classes of macrohetero-
cyclic compounds by inserting different elements in the core
of phthalocyanines (Pcs).

% Like their closely related por-
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Fig. 1 Chemical structures of (A) porphyrin (Por), (B) phthalocyanine
(Pc) and (C) silicon(iv) phthalocyanine (SiPc). R denotes various alkyl or
aryl groups. The axial substituents are highlighted as red teardrops. The
phthalocyanine ring («) and (f) substituents are highlighted as green
ovals.

phyrin (Por) analogues, Pcs are also 18 m-electronic systems.
However, a Pc construct has imine bridges and isoindole rings
as opposed to the methine bridges and pyrrole rings of a Por
structure (Fig. 1A and B).” Due to these structural variations,
Pcs exhibit intense absorption at ~700 nm (Q-band), and thus
qualify as one of the elite classes of far-red light absorbing
organic compounds. Further modification by replacing ben-
zenes with naphthalenes as the peripheral rings results in the
formation of naphthalocyanines (Nes).*” Due to increase in
n-delocalization, Q-bands of Ncs are red shifted by ~100 nm
compared to Pcs, and thus, these dyes classify as near-infrared
(NIR) absorbing dyes. Despite their interesting optical pro-
perties in the visible, red and NIR region, the applications of
these hydrophobic planar molecules were not fully realized
because of poor solubility and tendency to form aggregates.
Aggregate formation quenches excited state lifetimes and
diminishes photophysical properties.®® Structural variations
such as incorporation of appropriate aromatic substitutions or
an element in the core structure were sought after to reduce
the degree of planarity and hydrophobicity.'®™"* These
attempts have led to the development of facile synthetic routes
for a new generation of Pcs with improved solubility, reduced
aggregation, interesting photophysical and photochemical
properties.

Amidst all core-substituted Pcs, silicon phthalocyanines
(SiPcs) immediately caught attention because of the unusual
hexacoordinated silicon(iv) and marked chemical stability of
the Si-N bonds."® Moreover, the presence of two unique axial
positions which can be readily functionalized with ligands of
choice rendered it unparalleled in the plethora of Pcs (Fig. 1C).
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These axial ligands serve as pivotal handles for fine-tuning of
the properties of SiPcs as desired. Furthermore, bulky or polar
substitutions in the axial positions perturb planarity and are
more effective than the a or B phthalocyanine ring substi-
tutions in reducing aggregation and improving solubility.'**
Extensive synthetic methodologies have been developed for
preparation of symmetrical and unsymmetrical SiPcs, often
containing both tetravalent (axial) and hexavalent (core)
silicon in the same structure.'®'” Remarkably, axial Si-O and
Si-C bonds exhibit NIR light induced dissociation rendering
novel applications of SiPcs in medicinal biology, beyond the
context of photodynamic therapy.'®** These unique properties
coupled with the inexpensive cost of synthesis and low toxicity
have resulted in fascinating applications of SiPcs in major

fields of research including cancer phototherapy, NIR
imaging, organic photovoltaics, organic electronics and
photocatalysis.

In this condensed review article, we present an overview of
the broad synthetic methodologies adapted to improve the
design of symmetrical and non-symmetrical SiPcs, since their
first successful isolation in around 1960. Here, we also account
for the interesting properties and the related applications of
SiPcs over the past decade, emphasizing mostly on the emer-
ging and novel applications. In the concluding section, we
have included a brief perspective to provide guidance for
rationally designing an envelope of new SiPc derivatives, to
discern areas of impending developments, and to anticipate
the future directions of this interesting field.

2. Syntheses of silicon
phthalocyanines

Facile, short and high yielding synthetic strategies comprising
of non-hazardous and easily accessible starting materials are
an essential prerequisite to realize the complete potential of
any material. Various synthetic approaches have been devel-
oped to increase the structural flexibility of SiPcs. These
approaches offer easy modulation of the physico-chemical pro-
perties as desired and help to rapidly generate a vast library of
SiPc derivatives with diverse functionalities and applications.
For example, successful applications of SiPcs in biological
fields can be achieved by incorporation of water soluble or bio-
compatible groups.'”?* On the other hand, insertion of elec-
tron donating and electron withdrawing moieties can alter the
opto-electronic properties of SiPc molecules.>'* Likewise,
availability of electrophilic or nucleophilic reactive handles in
the SiPc structure will allow to append desired functionalities
for versatile applications.

Such fine-tuning of SiPc structures is mainly obtained by
reactions at two major sites: (i) the axial and (ii) the phthalo-
cyanine ring (a) and (B) positions (Fig. 1C). While the axial
handles are exploited for imparting variants without consider-
ably affecting the absorption and emissive properties of SiPc,
the o/p substitutions result in a prominent change of spectral
features. Below, we have elaborated on the discovery of SiPc
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and the various synthetic methods developed henceforth
resulting in the formation of several symmetrical and unsym-
metrical SiPcs.

2.1 Synthesis of SiPc precursors

The synthesis of most SiPcs is based on two main precursors,
the dichloro SiPc (SiPcCl,), 1 (Schemes 1 and 2) and the bis-
hydroxy adduct (SiPc(OH),, 2, (Scheme 3). In this section, we
have described the synthetic strategies for these important
building blocks.

2.1.1 Synthesis of dichloro SiPc (SiPcCl,). Linstead and co-
workers attempted but failed to synthesize SiPc using a direct
reaction of Pc with silicon tetrachloride (SiCl,)."! Later, in a
seminal report, Joyner and Kenney envisioned a different syn-
thetic route involving 1,2-dicyanobenzene or phthalonitrile (a
precursor extensively used for synthesis of Pcs) instead of a
metal free Pc as the starting material.”* They exposed phthalo-
nitrile to repeated treatments with SiCl, for 2 h using dry qui-
noline as a solvent and a reaction temperature of >200 °C
(Route A, Scheme 1). Further purification using vacuum subli-
mation techniques resulted in formation of blue-green crystals
which were presumed to be the desired dichloro SiPc analogue
(SiPcCly), 1 (Scheme 1). Use of hexachlorodisiloxane instead of

sicl,

" Route A, ( N @/
/N\

CN
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N | =
Phthalonitile . Routs B, () 7 cl

afofa
Ssi7 T si”
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Scheme 1 Early synthetic routes for silicon phthalocyanines, 1.

Reagents and conditions: (i) SiCl,, dry quinoline, >200 °C, 2 h; (ii) hexa-
chlorodisiloxane, dry quinoline, reflux, 4 h.

Route A
SiCl,
(i)
Phthallmlde
SiPcCl, (1)
Route B NH
CN .
(iii) SiCly
EEEm—— NH -
(iv)
CN
NH

Phthalonitrile 1,3-diiminoisoindoline (DII)

Scheme 2 Synthetic routes for obtaining SiPcCl; (1) starting from pre-
cursors phthalimide and phthalonitrile. Reagents and conditions: (i)
conc. ammonium hydroxide, 24 h, r.t. (ii) SiCly, dry quinoline, dry 1,2-
dichlorobenzene, 205 °C, 5 min; (iii) (@) NHs gas, NaOCHs, methanol,
40 min, r.t.; (b) reflux, 3.2 h; (iv) SiCls, dry quinoline, reflux (219 °C),
30 min.
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Scheme 3 Synthetic routes for hydrolysis of the axial chloro bonds to
form bis-hydroxyl SiPc derivative, 2. Reagents and conditions: (i) 1:1
(v/v) pyridine and conc. aq. NHs, 10 h, reflux; (i) large excess of conc.
H5S0,, r.t; (iii) NaOCHz, 95% ethanol, reflux, 1 h.

SiCl, as the source of silicon also resulted in improved yields
of 1 under similar conditions, which was purified by Soxhlet
extraction process (Route B, Scheme 1).'* However, similar
attempts to synthesize 1 by reacting organo chlorosilanes such
as methyltrichlorosilane and phenyltrichlorosilane with phtha-
lonitrile were unsuccessful."® Interestingly, the Si-N bonds
exhibited unprecedented stability under extreme acidic or
basic conditions.

Though Kenney and co-workers successfully isolated this
extraordinary class of compounds, the initial synthetic routes
were experimentally inconvenient due to poor yields and labor-
ious purification methods. This entailed exploration of refined
strategies with alternate starting materials and/or inclusion of
additional reaction steps. Reaction of 2-cyanobenzamide
(obtained from hydrolysis of phthalimide with concentrated
ammonium hydroxide) with SiCl, in quinoline at elevated
temperatures (~205 °C) resulted in the formation of a blue
solid (Route A, Scheme 2).>* The crude precipitate was washed
with quinoline, benzene, pyridine, acetic acid, ethanol and
ether to obtain the pure 1 (yield ~35%). Another two-step syn-
thetic route comprised of ammonolysis of phthalonitrile in
methanol and sodium methoxide to form 1,3-diiminoisoindol-
line (DI) in the initial step, followed by reflux of DII with SiCl,
in quinoline to afford compound 1 (yield ~71%) (Route B,
Scheme 2).°

Brusso and co-workers recently proposed an alternate route
to synthesize DII from phthalonitrile by using air-stable
lithium bis(trimethylsilyl)Jamide etherate, LiN(TMS),-Et,O in
dry toluene at room temperature for 5 h, followed by exposure
to gaseous hydrochloric acid at ice bath temperature.>® The
dichloride salt, H,DIICl,, thus formed when refluxed with
SiCl, in quinoline afforded 1 (yield ~51%). Among all these
synthetic pathways, route B of Scheme 2 remains the most con-
venient and preferred choice for the construction of SiPcs.

The axial chloro groups of SiPc 1 can be replaced with other
halogens. The chlorides are replaced by fluoride atoms on treat-

This journal is © The Royal Society of Chemistry 2021
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ment with 49% hydrofluoric acid (HF) on a steam bath, and
resulted in the formation of SiPcF,.>”*® Recently, Bender and
co-workers synthesized SiPcF, by refluxing 1 with either cesium
fluoride (CsF) in dimethylformamide or with tetrabutyl-
ammonium fluoride in dimethyl sulfoxide.>® These alternate
strategies involved relatively safer fluorinating agents compared
to HF and resulted in high reaction yields of 100% and 73%
respectively. In a similar approach, boron tribromide was used
as a brominating reagent for the synthesis of SiPcBr,.>”

2.1.2  Synthesis of SiPc(OH),, 2. It was observed that the Si-
Cl bonds of 1 can undergo hydrolysis. Compound 1 when
refluxed with pyridine and concentrated aqueous ammonia
(1:1 v/v mixture) for 10 h**** or treated with large excess of
concentrated sulfuric acid at room temperature followed by
dilution with water, hydrolysed to form SiPc(OH),, 2 in ~80%
yield (Routes A and B, Scheme 3)."* Alternatively, sodium
methoxide in 5% aqueous-ethanol hydrolysed 1 under reflux
conditions to yield 2 (~83%) and provided a comparatively
safer method (Route C, Scheme 3).>” A recent report used 50%
aqueous cesium hydroxide in DMF to obtain 2 from 1.%°
Interestingly, unlike ordinary silanols, the axial hydroxyl
groups of SiPc 2 are less acidic in nature and require harsh
reaction conditions for deprotonation.™®

2.2 Synthesis of SiPcs with axial substitutions

2.2.1 Synthesis of symmetrical SiPcs with axial Si-OR
bonds. Compounds 1 and 2 can be further fabricated by substi-
tuting the unique axial chloro and hydroxyl groups by alcohols,
phenols, silanols, chlorosilanes and carboxylic acids to generate
the compounds 3-5 (Scheme 4). The axial Si-Cl bonds in 1
undergo smooth reactions with alcohols and phenols to gene-
rate the corresponding symmetrically substituted bis-alkoxy
derivatives, 3. Such reactions are reported with phenols (such as
2-naphthol, 1-naphthol, phenol, 4-hydroxybenzaldehyde,
4-aminophenol, 4-nitrophenol, 4-hydroxypyridine and 3-hydro-
xypyridine) as well as other hydroxylic compounds (such as solk-
etal, polyethylene glycols, 1,3-bis(dimethylamino)-2-propanol
and mono-6-hydroxy permethylated -cyclodextrin). In a typical
reaction, 1 was refluxed with 3-7 times excess ROH (R = alkyl,
aryl groups) at ~120 °C in dry solvents like toluene or dichloro-
benzene for about 24-96 h.'*?%?731738 Reactions proceeded
under argon atmosphere in presence of ~10 times excess of a
base such as sodium hydride or dry pyridine (Scheme 4).
Generally, small volumes of solvent were used to accelerate the
precipitation of the blue-coloured bis-alkoxy SiPc products. The
yields of these reactions varied from 20-40% depending on the
nature of the R groups.

In order to form a siloxane bond in the axial position, pre-
cursor 2 is refluxed with an excess of silanols or monochlorosi-
lanes to obtain 4 (yields ~40-70%)."*'%'739> Reactions were
usually carried out for short durations ranging from 3-6 h in
non-polar solvents (e.g. dichlorobenzene and toluene) in pres-
ence of a mild base (eg pyridine) (Scheme 4).%'%3°
Interestingly, the axial Si-O-R linkages in certain bis-alkoxy SiPc
derivatives, 3, can react with silanols under reflux conditions in
dry pyridine to generate siloxane (Si-O-Si) bonds thereby

This journal is © The Royal Society of Chemistry 2021
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Scheme 4 Reactions of SiPcCl,, (1) where axial chlorides are replaced
by alcohols, phenols, silanes and carboxylic acids. Reagents and con-
ditions: (i) NaOCHs, 95% CH3zCH,OH, reflux, 1 h; (i) ROH, toluene, pyri-
dine or sodium hydride, reflux, 120 °C, 24-96 h; (i) RsSiOH or R3SiCl,
toluene, pyridine, reflux, 120 °C, 3-6 h; (iv) R3SiCl, NaOH, Aliquat HTA-1,
chlorobenzene, reflux, 132 °C; (v) RCOOH, methoxyethyl ether, reflux,
160 °C, 0.5-6 h. R represent aryl or alkyl groups.

forming SiPc derivatives, 4."*** Alternatively, 4 were obtained by
directly refluxing 1 with trialkylchlorosilanes in sodium hydrox-
ide and chlorobenzene in presence of Aliquat HTA-1, a high
temperature phase transfer catalyst (Scheme 4).**

Oligomeric and polymeric SiPc derivatives having axial Si-O
and Si-O-Si linkages have been reported as well. Such p-oxo
bridged SiPc polymers were formed when compound 1 was
allowed to react with 2 and the resulting hydroxy-capped oligo-
mers were reacted with a chlorosilane.® The desired polymer
was isolated by column chromatography. Another way to
obtain oligomers is from reaction of 1 or 2 with dendritic
hydroxylic compounds (e.g. polyethelyene glycols and trietha-
nolamines) or silanols containing multiple hydroxyl moieties
in the axial position. The properties of these polymers were
investigated in both solid and solvent phases and some of
these derivatives were even processed into thin polymeric
films.*>>°

Attempts to react 1 with alternate ligand functionalities
such as carboxylic acids were successful and expanded the
domain of axial functionalization of SiPcs (Scheme 4).*”
Esterification reactions of 1 occurred under reflux conditions
in polar solvents such as 2-methoxyethyl ether (~160 °C),
diglyme (~160 °C) or 1,4-dioxane (~100 °C), DMF (~160 °C) to
produce various SiPc esters, 5. Unlike etherification, esterifica-
tion reactions proceeded easily in the absence of a base. The
reaction completion times ranged from as short as of 30 min
to as long as 48 h.>>>'7° The SiPc bis-esters, 5 were obtained
as blue solids in moderate (~30%) to high (~90%) yields.

Org. Biomol. Chem., 2021,19, 168-1190 | 1171
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2.2.2 Synthesis of unsymmetrical SiPcs with axial Si-OR
bonds. The strategies described in Scheme 4 have led to a wide
array of axially functionalized symmetrical SiPcs, 3-5; however,
in comparison to their symmetrical analogues, only a few SiPc
derivatives with unsymmetrical axial Si-O bonds have been
reported to date.

Kenney and co-workers noticed that only one of the two
axial Si-O-Si linkages hydrolysed when 4a (R = [(CHj),Si
(CH,CH,CH,N(CHj3;),)] in 4) was stirred with trichloroacetic
acid in dichloromethane at room temperature for 5 h
(Scheme 5A).>>” This hydrolysed product, 6 was then reacted
with methanol in dry pyridine to form unsymmetrical SiPc, 7
in high yields of ~80% (Scheme 5A). Another synthetic route
to obtain 6 is strategized on exploiting the photolabile nature
of Si-C bonds which will be discussed in the proceeding sec-
tions of organo SiPcs.’®

In an endeavour to synthesize and explore amphiphilic SiPc
derivatives as PDT agents, Ng and co-workers serendipitously
discovered a facile route to prepare unsymmetrical SiPc deriva-
tives having axial Si-O linkages (Scheme 5B).>° In an attempt
to purify a bis-alkoxy symmetrical SiPc, 3a (R = 1,3-bis(di-
methylamino)-2-propanol in 3) by crystallization from metha-
nol-chloroform solvent at room temperature, they observed the
formation of an unsymmetrical SiPc, 8a in high reaction yields
(~73%). Similar displacements reactions of 3a occurred with

View Article Online

Organic & Biomolecular Chemistry

slight excess of ethanol and n-hexanol, but only under reflux
conditions (~70 °C) in chloroform for 48 h to form 8b and 8¢
(yields ~29-37%). In contrast, no mono-substituted unsymme-
trical SiPc could be isolated when 3a was refluxed with dodeca-
nol for 48 h. All these observations led to the conclusion that
the length of the alkyl group of the alcohols played a crucial
role in determining the ratio of the mono and di-substituted
SiPc products, however their different reactivities were unac-
counted. Recently, Schnermann and co-workers utilized this
method and displaced one of the bulky axial ligands from 3a
with biologically relevant phenols such as coumarins and com-
bretastatin to obtain SiPcs, 8d and 8e (Scheme 5B)."® The use
of phenols and prior neutralization of chloroform over anhy-
drous potassium carbonate possibly led to improved reaction
yields of ~80%.

A recent report also utilized a similar displacement meth-
odology to synthesize SiPc with unsymmetrical axial Si-OR
bonds.®® Oligomeric ethylene glycols of various lengths were
incorporated in one of the axial positions by refluxing a sym-
metrical amino-containing bis-phenoxy SiPcs with large excess
(40x) of desired glycols in toluene in presence of sodium
hydride. Moderate yields of 23-31% were achieved using this
strategy.

In another report, Ng and co-workers used a slightly
different strategy to synthesize SiPcs with unsymmetrical axial

A
_Si N _Si N _Si N
o7 \ of ™= AN o7 > \
Y —N\ < T —N\ < S -Ng <
N . N N N=
N N, —~N= 0} N N, _—~N= ROH (ii) N Nei—
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&, . l N N | N i
s e N 2
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\T/\/\s|l R
4a 6 (Pc-4, ~61%) 7 (~80%)
B R'=CH,, 8a
= CH,CH,, 8b

x-|-N
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P >

3a

S
N
N\
e
o)
N \T
|

—N
|

= (CHy)sCHs3, 8¢

NT

, 8e

8 (~75-81)%

Scheme 5 Synthesis of axially unsymmetrical Si—O bond containing SiPc derivatives starting from a symmetrical (A) bis-siloxy or (B) bis-ether SiPc
compounds. Reagents and conditions: (i) (a) trichloroacetic acid, dichloromethane, r.t., 4 h (b) pyridine, water; (ii) CHzOH, pyridine, reflux, 30 min;
(iii) R'OH, chloroform, r.t. or 70—95 °C, 18-48 h. R and R’ denotes aryl and alkyl groups as shown in the figure. Yield of 61% for Pc-4 is calculated

based on initial starting material 2, SiPc(OH)..
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Scheme 6 Synthesis of axially unsymmetrical Si-O bond containing
SiPcs. Reagents and conditions: (i) (a) ROH, sodium hydride, toluene, r.t.,
30 min, (b) 1, reflux, 1 h, (c) mono-6-hydroxy permethylated
B-cyclodextrin (shown as cylindrical structure), sodium hydride, toluene,
reflux, 48 h. R represents various alkyl moieties.

9 (Scheme 6).°% Compound 1 was initially
refluxed with various alkyl alcohols bearing sugar or diamino
moieties in dry toluene and sodium hydride. After an hour of
reaction, mono-6-hydroxy permethylated p-cyclodextrin and
sodium hydride were added to the mixture and the reaction
was continued for another 48 h. In these reactions, 1 was
always taken in 1.5-folds molar excess of that of the alcohols to
prevent exclusive formation of axially symmetrical SiPcs.
However, the reaction yields of 9 were comparatively low
(10-14%).

SiPcs with unsymmetrical axial Si-O bonds have also been
synthesized by selectively functionalizing one of the axial
groups of a symmetrical SiPc. In a recent example, only one of
the axial carboxylic acid groups in a symmetrical SiPc was sub-
jected to a typical amide coupling reaction to form a series of
unsymmetrical SiPc-peptide conjugates.®

2.2.3 Synthesis of SiPcs with axial Si-C bonds

Symmetrical and unsymmetrical SiPcs with axial Si-C bonds.
The formation and isolation of SiPcs with direct Si-C axial
bonds have been comparatively difficult because of two prime
reasons: (i) cationic nature of hexa-coordinated silicon which
instead prefers bonding with electronegative elements such as
oxygen and chloride and (ii) photo-instability of Si-C bonds.*’
Kenney and co-workers isolated monoorgano monochloro SiPc
derivatives, (RSiPcCl, 10), such as methyl (10a), phenyl (10b) or
3-chloropropyl (10c), by refluxing an alkyl or aryl trichlorosi-
lane (RSiCl;) with DII in solvents like quinoline, 2,6-lutidine or
2-picoline and using light-protected synthetic set-ups
(Scheme 7).*® These reactions afforded crude or pure 10 as
green solids with yields of ~5-52%. Use of allyl and benzyl tri-
chlorosilanes in these strategies, resulted in formation of only
bis-siloxy ether SiPcs, 4 therefore, indicating the limited scope
of axial Si-C ligands that can be installed in SiPcs.®
Symmetrical SiPcs, 11 containing trans-bis Si-C linkages were
obtained in high yields (~90%) by refluxing 1 with 2-3 fold
excess of Grignard reagents of choice (RMgl) in dry THF for

substituents,
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Scheme 7 Synthesis of axially symmetrical and unsymmetrical Si—-C
bond containing SiPcs. Reagents and conditions: (i) RSiClsz, dry quinoline,
reflux, 90 min; (i) (@) RMgl, dry diethyl ether, Ny, r.t., overnight, (b) 6 M
HCL, 0 °C. R denotes alkyl groups.

several hours under inert and dark conditions (Scheme 7).*%%*

However, only primary alkyl, aryl or alkyne groups (such as
methyl, ethyl and phenyl) were successfully inserted using the
Grignard reactions. Kumada et al. aptly combined the above
two strategies and successfully prepared unsymmetrical SiPcs,
12 with direct Si-C bonds in axial positions.®® They reacted 10
with 6-fold excess of the corresponding Grignard reagent (R’
Mgl) in dry diethyl ether and stirred at room temperature over-
night (Scheme 7). Hydrolysis of the intermediate magnesium
adducts was carefully accomplished using aqueous hydro-
chloric acid at 0 °C. The pure products, 12 were obtained as
dark green solids in high yields of ~85%. In contrast to the
SiPc analogues with axial Si-O bonds, certain organo SiPcs
exhibited better solubility in organic solvents such as chloro-
form and dichloromethane.

SiPcs with mixed axial Si-O and Si-C bonds. The axial chlor-
ide of 10 was hydrolysed with concentrated sulfuric acid, fol-
lowed by addition of ice, to produce monoorgano monohy-
droxy SiPc derivatives, 13 [R'SiPc(OH)] (Scheme 8A).”® These
hydroxyl derivatives were subsequently refluxed with phenols
(e.g. phenol, 4-chlorophenol) in 1,2,4-trimethyl benzene for
30-90 min to yield SiPcs, [R'SiPc(OR)] with trans axial Si-C and
Si-O bonds.?® In a similar fashion, compounds having an axial
silyl group, 14 (where R’ = silyl) was obtained by directly expos-
ing crude 10 to siloxy ethers (R;SiOCH3).>*

Though organo SiPcs were long discovered, appendage of
suitable reactive handles in the Si-C bonds was not achieved
until recently. Kenney et al. synthesized and isolated crude
organo SiPc derivative, 10c (R = CICH,CH,CH, in 10) where
the axial Si-C ligand contained a reactive alkyl halide substitu-
ent (Scheme 7).>> Compound 10c¢ was obtained by refluxing
equimolar amounts of DII and 3-chloropropyltrichlorosilane
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Scheme 8 Synthesis of axially unsymmetrical SiPc derivatives contain-
ing Si—O and Si—C bonds. Reagents and conditions: (i) R'OH, 1,2,4-tri-
methyl benzene, 30 min, reflux; (i) CH3zOSiRz, chlorobenzene, reflux,
3 h; (i) potassium thioacetate, dimethylformamide, 50 °C, 6 h; (iv)
aqueous sodium hydroxide (2 N), ethanol, 0 °C, 75 min.

in slightly polar solvents like 2,6-lutidine or 2-picoline for 6 h
in argon atmosphere (Scheme 7). A similar bromo SiPc deriva-
tive was also obtained by using the corresponding bromosilane
precursor. However, these compounds could not be purified
substantially, presumably owing to their extremely low syn-
thetic yields.?>®® The displacement the axial Si-Cl bonds of
10a by a siloxy ether, [(CH;),Si(OCH;)(CH,CH,CH,N(CHj;),)]
led to the formation of 14a which was isolated in yield of ~5%
(Scheme 8A). Next, using the chloride group, 14a was con-
verted to a thiol bearing SiPc, 14b in two successive steps via
formation of a thioacetate intermediate (Scheme 8B).>*> The
presence of a nucleophilic thiol moiety dangling at the end of
the Si-C axial bond created the possibility of functionalization
of the organo SiPcs.

The photolabile axial Si-C bonds triggered the development
of interesting synthetic routes for the preparation of unsymme-
trical SiPcs with axial bis Si-O bonds.’® For example, com-
pounds 14 (R’ = silyl) on UV or visible light irradiation in tri-
methylamine saturated water and toluene solvent system at
room temperature rendered the hydroxyl SiPc analogues, 6 in
high yields which were further derivatized with hydroxyl
groups to form SiPcs, 7.

2.3 Synthesis of SiPcs with phthalocyanine ring substitutions

Like axial substitutions, the peripheral rings of SiPcs can be
modified at o and p positions to perturb planarity, reduce
aggregation, and increase hydrophilicity or to insert reactive
handles for attachment of desired functionalities (Fig. 1C).
More importantly, o/f substitutions are exploited to modulate
the spectral properties of SiPcs. Various synthetic strategies
have been developed for incorporation of halides, alkyl, alkoxy,
phenoxy, phenylthio, sulphonate, glycols and vinyl groups at
the peripheral and non-peripheral positions and often result
in the formation of tetra- or octa-substituted symmetrical
SiPcs. A few routes have been also proposed for synthesis of
SiPcs with unsymmetrical peripheral substitutions. However,
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the latter reactions are synthetically more challenging as they
usually result in low synthetic yields and formation of mixtures
of products which are difficult to separate.

2.3.1 SiPcs with symmetrical phthalocyanine ring substi-
tutions. The «a/p decorated symmetrical SiPcs are primarily
obtained from three major synthetic approaches: (i) direct
reactions of the aromatic rings in SiPc, (ii) initial synthesis of
substituted phthalonitrile precursors, followed by conversion
to SiPcs via the corresponding DII derivatives and (iii) initial
formation of a substituted Pc ring, followed by direct insertion
of the core Si atom. These three strategies are discussed in
detail below.

Direct reaction of the aromatic rings in SiPc. By means of a
direct reaction, the aromatic rings of SiPc can be
sulphonated,®®®” to obtain enhanced photostability as well as
aqueous solubility. In a typical reaction, 1 was heated with
excess chlorosulphonic acid (CISO3H) at 130 °C for 5 h and
then cooled to 85 °C. Thionyl chloride (30-fold excess) was
slowly added to the solution and the reaction was continued
for another 4 h. The resulting sulphonyl chloride SiPc adduct
was isolated in pure form (yield ~68%) and then hydrolysed in
methanol-water (1:5 v/v mixture) under reflux conditions for
3 h to obtain the tetrasulphonated SiPc, 15 in high reaction
yields of ~87% (Scheme 9).®” Importantly, the varying degrees
of sulphonation depend on the SiPc: CISO;H molar ratio and
thus can be controlled. For example, use of SiPc and CISO;H
in 1:4 molar ratio resulted in isomeric mixtures of o or  sub-
stituted (Fig. 1) monosulphonated unsymmetrical SiPcs.®

Using substituted phthalonitriles as precursors. The choice of
substituted phthalonitriles, 16 or 17 as precursors varied
according to the nature and position of the desired substitu-
ents (Scheme 10). For synthesis of symmetrical p, § substituted
SiPcs (22, where X = H), 4,5-disubstituted phthalonitriles (16,
where X = H) were used as precursors. Depending on the
nature of Y groups, compounds 16 were synthesized from
either 4,5-dibromo catechol or 4,5-dichloro dicyanobenzene.
The subsequent steps for formation of SiPcs, 22 were common
in both the cases and proceeded via the formation of the
corresponding DII derivatives, 18 (Scheme 10). In some cases,
purification of the SiPc chloro analogues were difficult and
required further transformation of the axial chloro group to a
hydroxyl or siloxy group.

HO3

- SO;H
§ ~
_ 10) N_ \@
SiPcCl, 1) ———» N
/
éi
NT
HO5S

SO3H

15 (~87%)

Scheme 9 Sulphonation reaction of the aromatic rings of SiPc.
Reagents and conditions: (a) chlorosulphonic acid, 130 °C, 5 h, (b)
thionyl chloride, 4 h, (c) methanol-water (1:5 v/v), reflux, 3 h.
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Scheme 10 Synthesis of SiPc derivatives symmetrically substituted at
the a or p positions by using DIl derivatives. Reagents and conditions: (i)
Na, lig NHsz, digylme or (a) NHs gas, NaOCH3z, methanol, 40 min, r.t.; (b)
reflux, 3.2 h; (i) SiCls, dry quinoline, reflux (180-219 °C), 0.5-24 h. X and
Y denote different functional groups.

Diether dicyano phthalonitriles (16a, where X = H and Y =
OR) were obtained from 4,5-dibromo catechol by initial base
mediated nucleophilic reaction of the hydroxyl groups and
subsequent conversion of the bromides to cyanides via
Rosemund-von Braun reaction. Lieberman et al. used this
approach to obtain a crude product mixture containing octa-
pentenyloxy SiPc derivatives, 22a (X = H; Y = pentenyloxy; Z =
Cl in 22) via the DII derivative 18a.®®> A similar approach was
also adopted to obtain pentyloxy groups in the peripheral posi-
tions of SiPc (yield ~45%).*°

The other route involved 4,5-dichloro dicyanobenzene as
the starting material. The two chloro groups were readily sub-

X

16 (X = H; Y = OR)
17 (X=OR; Y = H)

20 (X =H; Y = OR)
21 (X=OR; Y = H)
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stituted with nucleophiles in presence of a base in polar sol-
vents such as DMF and DMSO and afforded phthalonitriles, 16
(where X = H) in a single step reaction. This approach has
been utilized for the synthesis of SiPc variants bearing
phenoxy (~yield ~67%),"> and thioalkoxy as peripheral
groups.®® In another report, 4,5-dihalo dicyanobenzenes (Y =
Cl/Br), as such, was converted to phthalonitriles, 16b and
further reacted to form DII 18b and insert halogens in the peri-
pheral positions of SiPcs, 22b (where X = H, Y = Cl/Br; Z = Cl in
22; yields ~72-80%).>"

In another example, eight peripheral pentyl groups were
incorporated in a SiPc structure (22¢, where X = H; Y = pentyl;
Z = CH; in 22) using 1,2-dichlorobenzene as the starting
material.*® In the first step, Grignard coupling of 1,2-dichloro-
benzene with pentylbromomagnesium was performed to
obtain the 1,2-dipentyl benzene. This product was initially sub-
jected to bromination and next, the aromatic bromides were
converted to cyanides using CuCN. Finally, the resulting
phthalonitrile 16¢ was converted into DII derivative, 18c and
subsequently to 22¢ with a reaction yield of ~42%."° Similarly,
use of naphthalonitrile (2,3-naphthalenedicarbonitrile)
instead of a phthalonitrile, generated silicon naphthalocya-
nines (SiNcs) with a reaction yield of ~82%.° The SiNcs, a sub-
class of SiPcs, absorb and emit in the NIR region owing to the
extended n-conjugation of the aromatic rings.

SiPcs bearing o,0 substituents (23, where Y = H in
Scheme 10) were generated through the use of 3,6-di-
substituted phthalonitriles (17, where Y = H). One such
example has been reported by Nakagawa and co-workers.®®
The synthesis involved prior conversion of 3,6-hydroxyphthalo-
nitrile to 3,6-(bisphenylthio)phthalonitrile via tosylation of the
hydroxyl groups and base-mediated displacement by thiophe-
nol. The phthalonitrile 17, thus obtained was first converted to
corresponding DII derivative, 19 and eventually to
a,a-octaphenylthio SiPc derivative, 23a (X = phenylthio; Y = H;
Z = OH in 23; yield ~84%).

Direct insertion of the core silicon to a pre-formed Pc. A more
flexible synthetic methodology to form SiPc variants at o/p
positions involved initial formation of core element-free Pcs,
followed by insertion of core silicon atom (Scheme 11).”° In a

Y
X
Y Y
B
BN N Yo
HSICls X - ’ N
(i) NG g NS X
X \ N/ l\ /N
Q! N
Y NE PR
OH
Y X X

23 (X = OR; Y = H)
24 (X =H; Y = OR)

Scheme 11 Synthesis of symmetrical SiPc derivatives by direct insertion. Reagents and conditions: (i) Lithium carbonate, 1-pentanol, reflux, 66 h or
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), reflux, 48 h; (ii) (a) HSiCls;, DBU, dichloromethane, argon, r.t., 80 min, (b) H,O, r.t. X and Y denote

different functional groups.
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typical reaction, phthalonitriles (16 or 17) were refluxed with
lithium carbonate (~4-fold excess) in 1-pentanol for 66 h to
obtain Pes (20 or 21) in ~30% reaction yields.”! This conver-
sion proceeded faster (~48 h) and efficiently (high reaction
yields ~55-72%) in presence of non-nucleophilic strong bases
like 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU).°® In the final
step, these Pcs (20 and 21) were reacted with 10-30-folds
excess of trichlorosilane (HSiCl;) to form the desired SiPcs
with symmetrical o/f substituents and hydroxyl axial ligands,
23 and 24 (Scheme 11). Reactions were conventionally carried
out in anhydrous and inert atmosphere using organic solvents
such as DCM, tetrahydrofuran, acetonitrile or toluene at room
temperature or under reflux conditions.”® The nature of the
base (such as tripropylamine, tributylamine and DBU)
employed affected both reaction completion times and yields
(~12-53%) of desired SiPcs (23 or 24).”>7?

2.3.2 SiPcs with unsymmetrical phthalocyanine ring sub-
stitutions. Mono or di-substituted unsymmetrical SiPcs are
synthesized either directly by condensing two different phtha-
lonitriles or indirectly by initial conversion of these phthaloni-
triles to the corresponding DII derivatives followed by conden-
sation. In the former strategy, an unsymmetrical Pc is first
obtained which is then subjected to direct insertion method to
insert a silicon atom in the unsymmetrical Pc core. In almost
all the cases, the axial chlorides were replaced by hydroxyl or
siloxy groups for successful isolation of the peripherally
unsymmetrical SiPcs in pure form. The final reaction yields of
pure SiPcs varied from 3-27%. This technique led to the syn-
thesis and isolation of SiPcs bearing a reactive handle only in
one of the four benzene rings (Fig. 2). This enabled incorpor-
ation of functional groups at the periphery and led to the
development of SiPc molecules with remarkable biological
properties.**’*73

In conclusion to this section, all the aforementioned strat-
egies provided diverse reaction schemes to fabricate SiPcs with
ligands of choice such as acidic, basic, neutral, hydrophilic,
lipophilic, electron rich or electron withdrawing substituents.
This led to exploration and exploitation of the NIR optical pro-
perties of SiPc in various contexts.

Fig. 2 Chemical structure of a SiPc polymeric derivative, La Jolla Blue
with unsymmetrical peripheral () substitutions.
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3. Applications of silicon
phthalocyanines

SiPc derivatives display interesting optical, redox, electronic
properties and high thermal stability. In addition, availability
of multiple synthetic strategies have resulted in enormous
flexibility of SiPc frameworks. Easy modulation of solubility,
optical and redox properties, bio-compatibility, bioactivity or
solid-state structural arrangements has been achieved through
decorating both axial and peripheral positions. This led to a
multitudinous array of SiPc derivatives that have been crafted
according to the demands for particular applications. The past
decade has experienced an upsurge of novel applications of
SiPcs in medicinal chemistry, photovoltaics, optoelectronics
and photocatalysis. Selected examples of these emerging appli-
cations are discussed below.

3.1 Applications of SiPcs in medicinal chemistry

Silicon phthalocyanines have been extensively pursued in
light-based medical applications, primarily as anticancer, anti-
bacterial and antifungal agents.”>”®”7® Owing to the strong
NIR emission, SiPcs have been potentially applied for in vitro
and in vivo bioimaging.*>**”°"®! Two fluorescent SiPc deriva-
tives, namely La Jolla Blue® and IRD700DX®, are commer-
cially available as labelling agents for biomolecules.®*™%*
Likewise, due to the intense far red and NIR Q-band absorp-
tions, several photosensitive SiPc molecules have been
deployed in photodynamic therapy (PDT), photouncaging tech-
niques, photoimmunotherapy (PIT), and photothermal
therapy (PTT). A few recent noteworthy examples are high-
lighted in the subsequent sections.

3.1.1 Incorporation water soluble axial or peripheral
ligands. The most sought after modification of SiPcs has been
to reduce aggregation tendencies and overcome the stinted
solubility, a factor that restrains the biological applications of
most Pcs. One extensive methodology pursued to improve the
aqueous solubility is the incorporation of nitrogen rich substi-
tuents in the axial or peripheral positions of SiPcs, which can
be readily alkylated to give quaternary ammonium salts using
methyliodide, dimethyl sulfate or 1,3-propanedisultones to
obtain cationic water soluble SiPc derivatives, mostly suitable
for biological applications (Scheme 12),1%17:19,33,39,69,85,86

3.1.2 SiPcs in photodynamic therapy (PDT) of cancer.
Photodynamic therapy is a minimally-invasive anticancer
modality which typically involves a local or systemic adminis-
tration of a photosensitizer followed by activation in the can-
cerous tissues with light irradiation.®”®® SiPc based com-
pounds are second generation photosensitizers which display
moderate to high quantum yields of NIR light induced gene-
ration of singlet oxygen, a short-lived and highly cytotoxic
species. The promising activity of Pc-4 (6) in clinical trials®’
has sparked renewed interest in researchers to improve efficacy
of Pc-4.°°* In parallel, several approaches were adopted to
increase the aqueous solubility and biocompatibility leading
to development of new SiPc photosensitizers. For example, a

This journal is © The Royal Society of Chemistry 2021
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Scheme 12 Synthesis of water soluble SiPc derivatives. Reagents and
conditions: (i) Methyliodide, chloroform, reflux, 85 °C, 6 h; (ii) dimethyl
sulphate, dimethylformamide, 120 °C; 24 h.

SiPc derivative with two bulky permethylated cyclodextrin moi-
eties in the axial positions displayed reduced self-aggregation
in the cell culture media and remarkable in vitro and in vivo
PDT effects.’® Likewise, SiPcs conjugated axially with bio-
molecules such as nucleosides®® and serum albumin®® exhibi-
ted enhanced cellular uptake. Furthermore, incorporation of
tumor targeting moieties such as erlotinib,”” hyaluronic
acid,”® and biotin’® in the SiPc framework resulted in excellent
tumor specific uptake and PDT effects. In other approaches,
SiPc molecules have been covalently linked with chemothera-
peutic drugs to generate chemo-photodynamic conjugates
having dual mode of cytotoxic action.***3%%°

Recently, You’s research group developed SiPc pseudopro-
drugs to execute multipurpose objectives such as (i) fluo-
rescence imaging, (ii) far red light-mediated uncaging, and (iii)
combined effects of singlet-oxygen induced PDT and local
chemotherapy.'®®'% They utilized singlet oxygen-labile ami-
noacrylate bonds to append clinical chemotherapeutic drugs
such as combretastatin and paclitaxel in the axial positions of
SiPcs (3b and 3c¢ in Fig. 3A)."°"'% The caged forms 3b and 3¢
exhibited significantly reduced dark cytotoxicity as evident
from 19 and 190-folds lower ICs, values when compared to the
respective free drugs. On light irradiation, SiPc produced
singlet oxygen which led to an immediate PDT effect and sim-
ultaneously cleaved the aminoacrylate linker to uncage the
intact chemotherapeutic drugs. This bystander or local che-
motherapeutic effect after the illumination was demonstrated
by exposing only one-half of each well containing cancer cells
treated with vehicle only, 3b or a structurally equivalent non-
photocleavable SiPc conjugate, NCL-3b (Fig. 3B). The PDT
effect of NCL-3b was restricted only in the light exposed half of
the well due to the short half-life (10-320 ns) and limited
diffusion distance (20-200 nm) of singlet oxygen (panel (c) of
Fig. 3B).®® However, the 3b-treated wells showed prominent
bystander effects. The photoreleased combretastatin diffused
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Fig. 3 (A) Structure of SiPc 3b and 3c showing dual PDT and singlet
oxygen mediated release of chemotherapeutic drug (shown as blue
squares). (B) Fluorescence live cell images of the center of each well
treated with (a) vehicle control, (b) 25 nM 3b, and (c) 25 nM NCL-3b. The
left half of each well was illuminated with a 690 nm diode laser (11 mW
m~2 for 15 min). At these concentrations, 3b and NCL-3b did not
produce any significant dark toxicity. Reproduced with permission from
ref. 101. Further permissions related to the material excerpted should be
directed to the ACS (https://pubs.acs.org/doi/10.1021/jm5000722).

throughout the well and caused similar toxicity in the light
unexposed cells as compared to light-exposed cells (panel (b)
of Fig. 3B).

Compound 3b was further modified to incorporate a tumor-
targeting folic acid at the second axial position via a hydro-
philic PEG linker."®? It was observed that the longer length of
the PEG spacer enhanced specific uptake and localization in
folate receptor overexpressing colon 26 tumors. The SiPc con-
jugate having PEG linker length of ~45 showed the most
impressive light induced cytotoxicity giving a ICs, value of 1.65
x 107® M (690 nm, 10 J cm~?), while being non-toxic in the
dark at <2 pM concentration.

3.1.3 NIR dissociation of axial ligands of SiPcs. An interest-
ing feature of SiPc is the photolability of unique axial Si-C and
Si-O bonds.’*®* Though this photochemical degradation of
SiPcs was long-established, it has been only recently exploited
in medicinal chemistry to photorelease PDT and chemothera-
peutic  anticancer agents cancer
microenvironment.

3.1.4 SiPcs as photocages. Burda et al. utilized the photo-
sensitive Si-C axial bond for NIR light-controlled delivery of
Pc-4.”" They judiciously chose PEGlyated gold nanoparticles
(Au NPs) as drug-delivery systems due to their excellent bio-
compatibility and superior drug loading capacity. Facile syn-

selectively in a
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Fig. 4 Schematic representation of phototriggered PDT drug Pc-4
release from Au NP-14b. The thiol group in 14b allowed covalent
bonding of the drug precursor to the Au NP surface. Adapted from ref.
21 with permission. © 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

thesis of stable covalent assemblies of SiPc and AuNP, Au
NP-14b was executed by taking advantage of the thiophilic
nature of gold and the free thiol group of 14b. On red light
exposure, the Si-C bond in PEGylated Au NP-14b rapidly disso-
ciated to release Pc-4 molecules (Fig. 4). Interestingly, the drug
can only be photo-released in lipophilic environments. The Au
NPs displayed only ~1% cellular uptake and insignificant cel-
lular toxicity. Therefore, as expected, Au NP-14b conjugates
caused no change in viability of HeLa (cervical cancer) cells in
the dark. In contrast, almost 80% of the population were killed
in Au NP-14b (1 uM) treated HeLa cells which were illuminated
(>600 nm, 1 J em™>, 12 min). This toxicity profile was compar-
able to that of unformulated Pc-4, thereby suggesting the
photorelease of Pc-4 from the nanoparticle conjugates.

The research groups of Kenney and Burda performed
theoretical and experimental measurements to identify the
preferred mechanistic pathway of the light triggered Si-C bond
cleavage process.”>'**'% Characterization of the photo-
products using various techniques such as steady state spec-
troscopy, electrospray ionization mass spectrometry, liquid
chromatography mass spectrometry, nuclear magnetic reso-
nance and electron paramagnetic resonance hinted towards
formation of a relatively long-lived SiPc radical as the key inter-
mediate which consequently undergoes  solvolysis.'**
Computational studies additionally confirmed homolytic bond
cleavage process involving radical intermediates. Bond-dis-
sociation energy (BDE) calculations indicated that homolytic
cleavage (~50 kcal mol™) is energetically more favoured than
heterolytic cleavage (~190 kcal mol™*).>* This is due to the fact
that the unpaired electron is largely delocalized over the SiPc
aromatic rings as implied by natural bond orbital (NBO) ana-
lysis and spin density calculations.

In another recent report, Schnermann et al. demonstrated
the preferential photocleavage of Si-O bonds and release of
phenols in axially unsymmetrical SiPcs molecules.'® On NIR
photoexposure at the SiPc Q-band (690 nm), the axial Si-O
bonds in 8d and 8e (Scheme 5, above) instantly dissociated in
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Fig. 5 (A) O, tension dependent mechanism of action of SiPc. (B)
Mechanistic pathways leading to ROS generation or small molecule
uncaging. R denotes aryl group. Reproduced from ref. 19.

oxygen-deprived physiological conditions and in presence of
reducing glutathione (GSH, 5 mM). Thus, photo uncaging of
small phenolic molecules such as fluorescent 4-methyl umbel-
liferone or clinical anticancer drug combretastatin was
achieved (Fig. 5A). In contrast, compounds 8d and 8e were
fairly stable on light irradiation under normoxic conditions
and produced singlet oxygen as the major reactive oxygen
species (Fig. 5A). Thus, compound 8e resulted in NIR mediated
cytotoxicity in cancer cells which was a manifestation of either
PDT or chemotherapy depending on the availability of tissue
oxygen. Compound 8e (200 nM) showed NIR (690 nm, 50 J
em~?) induced phototoxicity by a PDT mechanism in presence
of oxygen leading to 48% cell growth inhibition. In hypoxic
conditions, the cell growth inhibition increased to 80% which
is comparable to that of free combretastatin suggesting photo-
release of the chemotherapeutic agent from the SiPc molecule
triggered by NIR light and cytosolic glutathione (Fig. 5A).

Detailed spectroscopic and computational studies were per-
formed to understand the photoredox uncaging reactions.'®®
The proposed mechanistic pathway involved a key radical
anion intermediate formed through photoinduced electron
transfer from the SiPc triplet state (Fig. 5B). This explained the
role of reducing agent, glutathione in accelerating the cleavage
phenomenon. The transient radical anion was proposed to
undergo solvolytic ligand exchange through a heptacoordinate
silicon transition state.

3.1.5 SiPcs in photoimmunotherapy. In their seminal
paper, Kobayashi and co-workers employed monoclonal anti-
body-SiPc conjugates, mAb-IR700 (25) in photoimmunother-
apy (PIT), a novel molecular-targeted cancer modality that
combines PDT and immunotherapy (Fig. 6A).5° The conjugates

This journal is © The Royal Society of Chemistry 2021
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(A) Structure of mAB-IR700 conjugate, 25. The red colour is used to highlight hydrophobic SiPc core rings and the violet colour is used to

highlight the hydrophilic axial ligands. (B) NIR light induced decomposition of the SiPc molecule attached to the antibody. NIR light irradiation
causes MADb-IR700 to release the hydrophilic ligand (violet circles), which makes mAb-IR700 hydrophobic and causes aggregation. (C)
Scheme indicates the proposed mechanism of NIR-PIT. An antibody-IR700-antigen complex is formed on the cell membrane. With NIR light
irradiation, the ligands of IR700 were released form the antibody-IR700-antigen complex. The physical changes in aggregation and solubility of the
antibody-IR700-antigen complex may produce physical stress on the membrane locally impairing cellular membrane function for maintaining mem-
brane pressure, and then the water outside of the cell was flown into the cell to burst the cell. Reproduced with permission from ref. 18. Further per-
missions related to the material excerpted should be directed to the ACS (https://pubs.acs.org/doi/10.1021/acscentsci.8b00565). (D) Chemical struc-
ture of SiPc, 3d or PcB1. (E) Cytotoxic effect of 3d or PcB1 on HepG2 cells with (red bars) and without (black bars) laser irradiation. PcB1/ice mean
controlling the temperature of cells at below 30 °C via an ice-bath during laser treatment. Reproduced from ref. 110 with permissions from Royal

Society of Chemistry.

25 comprised of a cell-impermeable, hydrophilic, NIR absorb-
ing SiPc photosensitizer (IR700 dye) which was covalently teth-
ered to monoclonal antibodies targeting human epidermal
growth factor receptors (HER or EGFR). It is important to note
that one such SiPc derivative, where IR700 is conjugated to
cetuximab, recently gained approval as a NIR PIT drug by the
Japanese government for treatment of head and neck
cancers."®” The cell membrane-bound conjugates 25 showed
tumor-specific cytotoxicity in HER expressing tumor xenografts
only when exposed to NIR light. Interestingly, unlike PDT,
internalization of the photosensitizer was not required in PIT
and the light induced cytotoxicity was only partially derived
from reactive oxygen species. In another report, Mitsunaga
et al. combined an antibody (Trastuzumab, T), a chemothera-
peutic drug (maytansinoid, DM1) and NIR absorbing SiPc
photosensitizer (IR700) to generate bifunctional antibody-
drug-photoabsorber conjugates (T-DM1-IR700)."%° In vivo

This journal is © The Royal Society of Chemistry 2021

studies with these conjugates showed HER-2 targeted tumor
cytotoxicity via dual action NIR-PIT and chemoimmunother-
apy. Remarkably, T-DM1-IR700 conjugates exhibited cyto-
toxicity in deep-seated tumors where NIR-PIT by itself fails due
to insufficient NIR light penetration.

Recently, Kobayashi and co-workers unravelled the distinct
mechanism of PIT for SiPc-antibody conjugates. They
observed NIR light induced dissociation of the axial Si-O-Si
linkages in 25 in presence of an electron donor such as
ascorbic acid sodium salt, NaAA (Fig. 6B)."®'* The NIR light
triggered detachment of hydrophilic sulphonated axial ligands
led to an increase in hydrophobicity of 25 and consequently
resulted in aggregate formation and quenching of NIR fluo-
rescence. Atomic force microscopy (AFM) revealed alteration in
the protein conformation such as enlargement of the conju-
gates and loss of normal Y-shape of the antibody. Thus, the
photoinduced degradation not only affected the physical
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shape and solubility of the covalently-conjugated antibody, but
also influenced the antibody-antigen complexes. These pro-
found morphological changes were speculated to enhance the
transmembrane (TM) water flow which created physical stress
within the cellular membrane and eventually led to cell burst-
ing and necrotic/immunogenic cell death (ICD) (Fig. 6C).

3.1.6 SiPc in photothermal therapy. Photothermal therapy
(PTT) is an oxygen-independent anticancer treatment in which
appropriate light energy is absorbed by photosensitive mole-
cules and converted into thermal energy, ultimately leading to
hyperthermia mediated cancer cell death.®” Huang and co-
workers designed a SiPc derivative, PCB1 or 3d and studied its
photothermal behaviour (Fig. 6D)."'° The two nitrogen-rich
axial substituents effectively fostered photoinduced electron
transfer (PET) mechanism and lowered the fluorescence and
singlet oxygen generation quantum yields of SiPc, 3d.
Temperature escalated by 28 °C on laser irradiation (730 nm)
of aqueous solutions of 3d. However, such photothermal
characteristics were lost upon protonation of the axial ligands
highlighting the crucial roles of nitrogen lone pairs in the PET
process. NIR exposure of 3d-treated human liver cancer cells
(HepG2) led to ~70% decrease in cell viability indicating its
ability to act as a unique PTT agent (Fig. 6E). Similar viability
assays performed under ice-bath conditions showed only
~30% loss in cell viability which might be attributed to the
PDT effect of 3d (Fig. 6E).

3.2 Applications in organic photovoltaic solar cells

SiPcs have recently generated interest for multifunctional
applications in dye-sensitized (DSSCs), bulk heterojunction
(BHJ) and planar heterojunction (PHJ) solar cells as additives,
acceptors, donors and crosslinking components.''! The
intense absorption of chemically and thermally robust SiPcs
and SiNcs in the red and far-red spectral region has been uti-
lized to expand the light harvesting window and boost the
overall photoconversion efficiency (PCE). The structural tun-
ability has led to easy integration and multi-functional behav-
iour. Finally, the low toxicity levels and the elemental abun-
dance of silicon in nature have particularly advocated for their
candidacy in organic photovoltaics and optoelectronics.

3.2.1 SiPc as additives in solar cells. Honda et al. pioneered
the use of a bis(tri-n-hexylsilyl oxide) substituted SiPc deriva-
tive, 4b as an ternary additive in a P3HT/PCMB [(poly(3-hex-
ylthiophene)/(phenyl-Cq;-butyric acid methyl ester)] BHJ solar
cell and observed a positive influence of the dye in overall
device performance (Fig. 7)."'> The values for short-circuit
current (Jsc), open-circuit voltage (Vo) and the fill factor (FF)
of 10.3 mA em™2, 0.57 V and 0.69 respectively were achieved at
optimized loading content of 4.8 wt% for 4b (Table 1, Fig. 7).
The presence of the dye boosted PCE to 4.1. Transient absorp-
tion spectroscopy and surface energy measurements revealed
the presence of a cascaded photoconversion mechanism in
which facile charge transfer occurred from P3HT to PCBM via
SiPc molecules aided by their intermediate energy levels and
selective localization in a disordered P3HT domain and at the
polymer-fullerene interface."'>*'* Hence, the overall device
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Fig. 7 Chemical structures of P3HT, PCBM and SiPc derivatives 4a—4c.

performance was governed by the blend morphology which in
turn depended on both dye structure and dye loading content.

Encouraged by these inferences, Bender and co-workers
varied the alkyl spacer of the axial silyl groups of dye 4b and
observed that use of smaller molecular fragments such as tri-
n-butyl silyl (4¢) and tri-isopropyl silyl (4d) in the axial posi-
tions led to ~10% increase in Jsc values when compared to 4b
(Fig. 7, Table 1).*° These experimental outcomes led to the
conclusion that the SiPc dyes with contrasting properties of
high solubility and extreme tendency to crystallize favoured
charge transfer and augmented the overall device efficiency. A
more rigorous study using eight SiPc variants with axial alkylsi-
Iyl groups of different chain lengths has been recently
reported.** It was observed that SiPc variants displayed similar
optical, electrochemical and hydrophobicity properties and
frontier orbital energy levels. However, the alkyl chain length
had a pronounced effect in molecular packing and solubility
of the SiPc dyes and thus governed the overall device perform-
ance. Best PCE values were achieved in cases where solubility
of the ternary additive SiPc dye matched closely to that of
P3HT.

In parallel, researchers explored SiPc structural variants
with axial functionalities other than siloxy ethers, such as
alkyl/aryl ethers and esters, as alternate additives in BHJ solar
cells. Bender and co-workers investigated the device perform-
ance of bis(3-pentadecylphenoxy)-SiPc, 3e (Fig. 8).>° Albeit
having similar spectral features like 4b, the dye 3e failed to sig-
nificantly increase the Jsc and the efficiency (i) of the
polymer—fullerene based ternary cascade BHJ solar cell
(Table 1). Compound 3e exhibited lower tendencies to crystal-
lize and migrate to the P3HT/PCBM interface as compared to
4a. The authors speculated that these factors might be respon-
sible for its inferior performance.

In another approach, Ameri et al. synthesized SiPc deriva-
tives with bulky ¢-butyl groups in the periphery and flexible
axial pyrene carboxylic acid groups to fabricate ternary BH]J

This journal is © The Royal Society of Chemistry 2021
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Table 1 The performances and device characteristics of photovoltaic devices containing various SiPc and SiPc derivatives as additives, donor or

acceptor materials

Type of solar cell Donor/acceptor pair Additive dye(s) Loading (wt%) Jsc/mA ecm™? VoclV FF PCE (%) Ref.
BHJ P3HT/PCBM — — 8.48 0.57 0.56 2.74 30
BH]J P3HT/PCBM 4b 4.8 10.3 0.57 0.69 4.1 112
BHJ P3HT/PCBM 4b 3.7 9.84 0.57 0.59 3.29 30
BHJ P3HT/PCBM 4c 3.7 10.0 0.56 0.59 3.30 40
BHJ P3HT/PCBM 4d 3.7 10.1 0.57 0.60 3.40 40
BH]J P3HT/PCBM 3e 3.7 9.49 0.59 0.54 3.02 30
BHJ P3HT/PCBM 5a 20 10.02 0.65 0.63 4.14 115
BHJ P3HT/PCBM 26 8 11.4 0.62 0.63 4.46 116
BH]J P3HT/PCBM 4b/27 4.8/1.5 10.9 0.57 0.69 4.3 112
BH]J P3HT/PCBM 5b/28 7.5/5 10.80 0.65 0.55 3.89 117
BHJ P3HT/PCBM 28 10 9.72 0.65 0.58 3.68 117
DSSC — 29 — 19.0 0.46 0.51 4.5 118
BH]J P3HT/4b — — 0.99 0.70 0.37 0.25 40
BH]J P3HT/4c — — 2.61 0.75 0.40 0.78 40
BHJ P3HT/4d — — 3.0 0.84 0.43 1.07 40
PH]J 1/Ceo — — 0.47 0.24 0.32 0.04 36
PHJ 3/Ceo — — 1.4 0.76 0.31 0.34 36
PH] 3g/Ceo — — 4.6 0.87 0.44 1.8 119
PH]J a-6 T/3h — — 3.5 0.66 0.43 1.0 119
BHJ PTB7/5¢ — — 0.60 1.00 0.45 0.27 120
BH]J PTB7/5d — — 6.18 1.03 0.42 2.67 120

Cyo is fullerene. a-6 T is a-sexithiophene. PTB7 is an organic semiconducting polymer. All values are taken from the references as listed in the

last column.
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Fig. 8 Chemical structures of SiPc derivatives, 3e-3;j.

P3HT/PCBM solar cell devices.""> The ternary devices with
these variants displayed an increase of over 20% in Jsc and
over 50% in PCE values compared to the baseline binary
device. Among the variants, best fill factor and charge carrier
mobility were obtained for the device constructed with 5a
(Fig. 9, Table 1).

In an attempt to further increase the light harvesting
window up to 800 nm, SiNcs, having appropriate energy levels,
were deployed alone or with SiPcs (Fig. 10)."'>"''® The research
group of Sellinger used a symmetrical 2,3-SiNc derivative, 26
with peripheral ¢-butyl groups and two axial trihexylsilyloxide
groups as the only light harvesting additive in a ternary P3HT/

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Chemical structures of bis-ester SiPc derivatives, 5a—5h.

PMBC solar cell (Fig. 10A)."'® The presence of bulky t-butyl
functional groups conferred higher solubility to 26 and the
BH] morphology of P3HT/PCBM was preserved even with
excess dye incorporation. Thus, higher optimal dye loading
contents up to 20% was achieved without causing a decrease
in Jsc. The blending of 26 resulted in ~40% enhancement of
Jsc values and a PCE of up to 4.9% was reported (Table 1).

In another example, Honda et al. blended a SiNc dye, 27
along with 4b, as a fourth component in the polymer-fuller-
ene-SiPc solar cell (Fig. 7, 10A, B and C).'"> The quaternary
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diagrams of P3HT, PCBM, SiPc 4b, and SiNc 27 (c) Absorption spectra of
the P3HT/PCBM film (dotted line), SiPc 4b (broken line), and SiNc 27
(solid line) in solution. Adapted from ref. 112 with permissions from
Royal Society of Chemistry.

solar cell P3HT/PCBM/SiPc(4a)/SiNc(27) exhibited a higher
photoconversion efficiency (PCE) of 4.3% than the unblended
(P3HT/PCBM) or ternary (P3HT/PCBM/SiPc(4b)) or (P3HT/
PCBM/SiNc(27)) solar cells. The observed values for the qua-
ternary device were Jsc, Voc and FF were 10.9 mA cm™2, 0.57 V
and 0.69 respectively at a loading content of 4.8 wt% for 4b
and 1.5 wt% for 27 (Table 1). This improvement in device per-
formance was attributed to the efficient photocurrent gene-
ration in the broad absorption profile in the visible region
stretching from 400 to 800 nm.

Ameri and co-workers fabricated a quaternary solar cell
using SiNc, 28 and SiPc, 5b containing axial pyrene units in
order to investigate the effect of elongated n-systems on the
device characteristics (Fig. 9 and 11A).""” They observed an
improved PCE of 3.89 at a loading content of 7.5 and 5 wt%
respectively for 5b and 28 as compared to the ternary blend
solar cells with individual dyes (Table 1).

Instead of using two distinct SiPc and SiNc dyes, Sellinger
et al. developed a hybrid SiNcPc, 29 bearing a mononaphthalo
triphthalo cyanine core and investigated its photosensitizing
properties in a DSSC (Fig. 11B)."*® A vinyl group was intro-
duced in the mononaphthalo ring to establish conjugation
with an anchoring carboxylic acid unit. The hybrid dye, 29
exhibited high solubility, high extinction coefficients and
desirable energy levels. The integration of 29 in solar devices
resulted in high photocurrents of 19.0 A em™ and a total
efficiency of 4.5% (Table 1).

/\%

28 29

R = 1-pyrene

Fig. 11 Chemical structures of dyes (A) 28 and (B) 29. R denotes
1-pyrene group.
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3.2.2 SiPc as acceptors and donors in photovoltaic solar
cells. The promising traits of the SiPc dyes as additives
prompted researchers to explore their donor and acceptor pro-
perties. Preliminary assessment of few SiPc variants (4b, 4c
and 4d) as possible acceptors in binary blends P3HT/SiPc was
carried out for the first time by Bender and co-workers (Fig. 7).
The studies led to the conclusion that replacement of PCBM
by SiPc results in ~50% increase in Vo values, but a much
lower PCE efficiencies of only ~1% when compared to the
standard P3HT/PCBM donor acceptor pair (Table 1).*

In another report, the electron donating and accepting
dual-nature functionalities of SiPcCl,, 1 and bis(pentafluoro-
phenoxy)-SiPc, 3f (Fig. 8) in un-optimized planar heterojunc-
tion (PHJ) solar cell devices were demonstrated (Fig. 8,
Table 1).>® Compound 3f displayed superior donor and accep-
tor properties which improved the device performance as com-
pared to 1. These striking device characteristics of 3f were par-
tially attributed to the solid-state arrangement and improved
n-shielding as evident from its X-ray crystal structure. On the
contrary, such n-n interactions were completely missing in the
crystals of 1. It was further noted that the frequency and posi-
tion of the fluorine atoms in the axial phenoxy group governed
the dual-characteristics of the SiPc derivatives.''® The crude
structure-activity analysis revealed SiPc analogues, 3g and 3h
as potential donors and acceptors, respectively for future
device configuration (Fig. 8, Table 1).

Samuel and co-workers investigated symmetrical SiPcs with
axial bis-esters of eicosanoic acid (5¢) and 3,5-di-tert-butylben-
zoic acid (5d) as NIR absorbing dyes and electron acceptors in
binary BHJ organic solar cells (Fig. 9, Table 1).'*° The best
device characteristics were obtained on using PTB7, a dithio-
phene based polymer and 5d as the donor acceptor pair at a
1:1.5 weight ratio and were attributed to the increased photo-
current and strong visible absorption of 5d.

3.2.3 SiPc as crosslinking agent in photovoltaic solar cells.
Lessard et al. reported a bis(6-azidohexanoate)SiPc dye, 5e
bearing crosslinking groups. The incorporation of this dye in a
P3HT/PCBM BH] solar cell led to dual functions as a ternary
additive and an effective crosslinker (Fig. 9)."*' The baseline
P3HT/PCBM binary device (without 5e) suffered significant
loss in Jsc and PCE values on exposure to a thermal ageing of
150 °C for 23 h owing to the phase separation and crystalliza-
tion of the PCBM. Loading of the dye, 5e in the device boosted
the photocurrent generation in the near-infra red region imply-
ing a synergistic additive influence. Interestingly, the cross-
linking ability of 5e via the axial azides, preserved the BH]J
morphology and retained the overall performance (PCE) by
97% after thermal ageing (Fig. 12).

3.4 Applications of SiPc in OLEDs

SiPcs exhibit intense and narrow NIR luminescence spectra
and thus find applications as emitters in organic light emit-
ting diodes (OLEDs). Samuel and co-workers recently studied
the optoelectronic properties and the electroluminescence of
two SiPc derivatives, 5¢ and 5d (Fig. 9)."*° Both derivatives dis-
played electroluminescence features in OLEDs similar to their

This journal is © The Royal Society of Chemistry 2021
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0% Aged 10% Aged

Fig. 12 Microscopic images (20x magnification) of (A) after thermal
ageing of baseline P3HT/PCBM devices with 0% 5e (B) after thermal
ageing of P3HT/PCBM devices with 10% 5e. Adapted from ref. 121 with
permission from The Royal Society of Chemistry.

photoluminescence profiles with a maxima around
698-709 nm and a narrow full width at half maxima (FWHM)
of 21-27 nm. It was observed that doping of the emitting layer
of the device with 10% 5c resulted in better quality of OLEDs
with fewer pinholes and reduced roughness as compared to 5d
indicating that structure of the axial ligands influence device
characteristics (Fig. 13).

Instead of using long chain carbons to reduce aggregation
and confer solubility, Greenham and co-workers chose carbon-
efficient and electron withdrawing pentafluorophenoxy moi-
eties as the axial ligands."** They deployed the SiPc derivative,
3f as dopant red emitters in both solution-processed and
vapour-deposited OLEDs (Fig. 8). Compound 3f displayed a
photoluminescence quantum yield value of 0.66 and a band
gap of 1.77 eV. The OLED devices constructed with a polymeric
host and 3f as a guest showed narrow electroluminescence
spectra (FWHM of 20 nm) with a maximum external quantum

Fig. 13 Optical microscopy [(a and c); 150 x 113 pm? each] and atomic-
force microscopy [(b and d); 2 x 2 pm? each; 500 nm scale bar] of films
ITO/PEDOT : PSS/PVK/CBP : PBD : SiPc (30:60:10; SiPc = 5c or 5d;
30 nm). The film doped with 5d [(a and b)] has more pinholes and higher
RMS roughness R, = 0.72 nm than the film doped with 5c [(c and d); R,
= 0.4 nm]. Adapted with permission from ref. 120. Further permissions
related to the material excerpted should be directed to the ACS (https://
pubs.acs.org/doi/10.1021/acsami.5b12408).
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efficiency (EQE) value of 2.5%. The vapour-deposited host:
guest OLEDs incorporating 5 wt% doped 3f displayed similar
emission profile with maximum around 715 nm, albeit, with a
much lower EQE value of ~0.09%. Though the energy transfer
was clearly confirmed in this device, low EQE values indicated
that a proper choice of host is crucial in order to achieve a sig-
nificantly higher dopant emission over the host emission.

3.5 Applications of SiPc in OTFTs

Like other nitrogen heterocycle-based compounds,'*****

certain SiPcs also possess electronic properties of n-type semi-
conductors.>® Additionally, the readily tunable axial ligands,
high field-effect mobility, robust environmental stability and
ease of processability make them ideal to perform as organic
thin film transistors (OTFTs).

Lessard et al., first deployed SiPcs as n-type semiconductors
in bottom-gate bottom-contact (BGBC) OTFE devices."** SiPc
bis-esters with 1-benzoic (5f), 1-naphthoic (5g) and 9-anthroic
(5h) acid axial pendants were explored to establish a link
between solid state arrangements of the semiconductors and
the overall device performances (Fig. 9). The varying degree of
n-bonding interactions of the Pc chromophores was expected
to partly affect the 2D charge transfer pathways in the devices.
The crystal structures revealed that 5f and 5g showed signifi-
cant parallel stacking of the Pc rings. This probably led to
higher electron field effect mobility (u.) and increased on-
current (I,,) in devices with 5f and 5g. Although 5g revealed
the closest n—x interactions, its device performance was lower
than that of 5f. On the other hand, the bulky anthracene group
hindered the overlap of the Pc rings and devices with 5h dis-
played lowest u. and I,, values. However, devices with 5h
exhibited the lowest threshold voltage (Vy). This is possibly
because the lowest unoccupied molecular orbital (LUMO) of
5h was energetically comparable to the work function of gold.
Overall, 5f outclassed the other SiPcs in the series in terms of
device performance. Further increment of device performance
of 5f was achieved with octyltrichlorosilane (OTS) dielectric
modification and a substrate temperature of 200 °C main-
tained during deposition.

Motivated by these results, Lessard et al., investigated the
behaviour of fluorophenoxy derivatives of SiPc as n-type
transistors.”*>'*” It was noticed that the frequency and posi-
tion of fluorine atoms affected electron mobility and the com-
pounds 3f-3h exhibited some ambipolarity of charge transport
(Fig. 8). In the series, devices built with 3f deposited on OTS-
modified surface displayed superior performance. Taken
together, these reports demonstrated the potential roles of
axial substituents in governing the device performances and
hinted towards a possibility of obtaining high performance
SiPc based n-type semiconductors.

3.6 Applications in photocatalysis

The design of tetrapyrrole complexes and investigation of their
photocatalytic behaviour stemmed from the key roles played
by naturally occurring tetrapyrrole complexes (e.g. chlorophyll)
in photosynthesis."*®'*° In this context, SiPcs are recently
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(A) Energy band structure diagram of heterostructure between N-usRGO and SiPc and (B) Electron transfer processes and evolution of

hydrogen in N-usRGO/SiPc/Pt photocatalyst. Reprinted with permission from ref. 133. Copyright (2015) American Chemical Society.

being explored for potential applications in solar energy con-
version and homogeneous photocatalysis. The fulfilling cri-
teria of SiPcs to function as photocatalysts include: (i) robust
photostability, (ii) intense absorption features in the solar
spectrum which are tunable at the molecular level and (iii)
ability to initiate photoinduced electron transfer reactions.'*°

Knor and co-workers synthesized a cationic, water soluble
SiPc, 3i and investigated its potential for construction of hydro-
gen evolving photocatalytic systems (Fig. 8, see above)."*'
Compound 3i reacted with aerial oxygen predominantly
through a type II sensitization mechanism involving formation
of singlet oxygen. Trace amounts of 1,4-benzoquinone and tri-
ethanolamine efficiently quenched the fluorescence signal of
3i following a Stern-Volmer kinetics of bimolecular quenching
mechanism. Excess of triethanolamine led to rapid accumu-
lation of permanent photoredox products of 3i. This confirmed
the presence of a photoinduced electron transfer process poss-
ibly involving reduced Pc z-radical anion intermediates. Such
radical species play important roles in mediating photochemi-
cal water splitting, thereby making SiPcs attractive candidates
for construction of solar energy driven catalytic systems.

In another study, the catalytic behaviour of another SiPc
derivative, 3j, was investigated using the 4-nitrophenol degra-
dation probe reaction (Fig. 8, see above)."””> Visible light
induced degradation of 4-nitrophenol was observed with cata-
lytic amounts of 3j and hydrogen peroxide as a source of
oxygen. Hydroquinone and benzoquinone were determined as
the major and minor photoproducts respectively. A substrate/
oxidant/catalyst ratio of 2000/500/1 resulted in 88% conversion
with a turnover number of 1758 and turnover frequency of 586
for 3j. Interestingly, photoconversion (37%) of 4-nitrophenol
was observed without hydrogen peroxide, indicating the ability
of 3j to act as a photocatalyst in absence of any oxygen source.

Recent reports exploited covalently functionalized SiPc-gra-
phene based organic hybrid composites as improved solar
catalysts."?*'** SiPc covalently functionalized with N-doped
ultrasmall reduced graphene oxide (N-usRGO/SiPc) displayed

184 | Org. Biomol. Chem., 2021, 19, 1168-1190

strong absorption in the visible spectrum."** The fluorescence
quenching (90%) of SiPc and improved photocurrent
responses for N-usRGO/SiPc demonstrated the efficient photo-
induced electron transfer process from SiPc to N-usRGO
through covalent bonds (Fig. 14A). These properties attributed
to higher visible light induced catalytic activity of (N-usRGO/
SiPc) in comparison to SiPc free N-usRGO. Platinum nano-
particles (Pt NP, 5 wt% Pt) deposited on N-heteroatoms of gra-
phene acted as cocatalyst and further enhanced the catalytic
performance of the composite (Fig. 14B). Pt NP decorated
N-usRGO/SiPc construct produced a maximum of 4.5 pmol
mg ™! of hydrogen from water on 6 h of UV-vis irradiation. The
proposed mechanism suggests sequential shuttling of elec-
trons from light harvesting SiPc to graphene layers and conse-
quently to Pt NP where water molecules accept electrons and
evolve hydrogen (Fig. 14B). Finally, triethanolamine (TEA)
donates electron to excited SiPc and brings it back to the
ground state (Fig. 14B).

Lu et al. observed that addition of surfactants like cetyltri-
methylammonium bromide (CTAB) prevented aggregation and
boosted the photocatalytic behaviour of a SiPc(phenyl) co-
valently functionalized and Pt NP loaded graphene construct,
SiPc(phenyl),G,/Pt (Ref: IntJHydE2016)."** The integrated
photocatalytic system, SiPc(phenyl),G,/Pt/CTAB produced
18.2 pmol mg™" of hydrogen on 10 h or UV-visible irradiation.
These studies together established the potential of SiPcs in
construction of water splitting photocatalytic systems.

4. Conclusions and perspectives

Despite their long existence, SiPcs continue to attract unabated
attention due to their emerging properties and applications.
Like most other phthalocyanines, SiPcs have gained profound
recognition as far-red and NIR photodynamic therapeutic and
fluorescence imaging agents. Recent findings corroborated the
photodissociative nature of the axial ligands and added a new

This journal is © The Royal Society of Chemistry 2021
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dimension to these old molecules. Novel mechanisms pro-
posed to be involved in photouncaging and photoimmu-
notherapy have recommenced exploration of SiPcs in light-
based therapeutic approaches, other than PDT. While the Si-O
bonds exhibit additive and/or oxygen dependent photoclea-
vage, the Si-C bonds can rapidly dissociate without any depen-
dence on oxygen or redox reagents. Besides medicinal appli-
cations, SiPcs are rapidly acquiring a foothold in the emerging
fields of photovoltaics, organic electronics and photocatalysis.
However, thoughtful considerations of energy levels, bulk het-
erojunction morphology, solubility and crystallinity are essen-
tial while designing SiPc variants in order to observe enhanced
efficiency and performances of the devices. Though few SiPc
molecules seem propitious, further structure-activity studies
are required to correlate the structural modifications with the
device characteristics. Altogether, the promising results bode
well for future explorations of SiPc in multifaceted research
areas.

However, these outstanding applications rest heavily on the
structural modifications of the axial and phthalocyanine ring
positions of SiPcs. The synthetic challenges to construct SiPc
variants have been the bottleneck of this field and have
impeded many applications. Oftentimes, the syntheses of
SiPcs employ harsh reagents and drastic conditions.
Furthermore, the reactions suffer from low synthetic yields
and produce multiple undesired products. The purification
techniques are complicated and laborious. Thus, the current
scenario highlights the need for convenient and reliable syn-
thetic methodology using non-hazardous and affordable
reagents. Future efforts to define elegant synthetic approaches
will be of paramount importance for complete realization of
potential of SiPcs in phototherapy and energy harvesting
applications.
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