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Abstract.

This doctoral work stems from a previous collaboration between the research group of
Prof. Angela Sastre Santos and Prof. Christof Woll, where axially substituted silicon
phthalocyanines (SiPcs) were employed for the generation of SURMOFs. The project is
structured in two main parts: first, the design, synthesis, and characterization of sixteen axially
functionalized SiPcs aimed at tuning electronic and steric properties; and second, the
incorporation of selected derivatives as ditopic linkers in Zn-based SURMOF thin films and their
evaluation as photoresponsive devices. This synergy between molecular synthesis and
supramolecular assembly seeks to establish design principles that connect ligand chemistry with
the performance of next-generation photoactive materials.

Chapter 1: Synthesis of Silicon Phthalocyanines with Donor and Acceptor Substituents in
the Peripheral Positions for the Generation of SURMOFs.

Ten novel SiPc derivatives bearing ditopic axial substituents and peripheral electron-
donating or electron-withdrawing groups were successfully synthesized. The compounds were
obtained via cyclotetramerization of phthalonitriles followed by axial ligand exchange from
dichlorinated intermediates. Comprehensive characterization by 'TH-NMR, HR MALDI-TOF MS,
UV-Vis spectroscopy, and cyclic voltammetry confirmed their molecular structures, optical
properties, and redox behaviour. These SiPc derivatives were subsequently investigated as
potential ditopic linkers for the construction of Zn-based SURMOF films. The resulting thin films
were characterized by out-of-plane X-ray diffraction (XRD), FT-IRRAS, and UV-Vis

spectroscopy
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Figure 1. Structure of the target molecules studied in chapter 1.
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Chapter 2: Synthesis of Silicon Phthalocyanines with Azo and Pyridine Substituents in the
Axial Positions for the Generation of SURMOFs.

Three novel SiPcs were designed and synthesized to explore their potential as functional
linkers for the construction of Zn-based SURMOFs. The first group comprises two SiPcs axially
functionalized with (£)-4-[(4-hydroxyphenyl)diazinyl]benzoic acid units, incorporating azo
moieties capable of photoisomerization to confer light-responsive behavior. One of these
derivatives additionally features fert-butyl substituents at the periphery to enhance solubility
during the SURMOF fabrication process.

Finally, a derivative was functionalized with axial pyridine groups, aiming to assess their
coordination capacity and influence on the structural assembly of the resulting SURMOFs. A
comprehensive characterization by 'H-NMR, HR MALDI-TOF MS, UV-Vis spectroscopy, and
cyclic voltammetry confirmed their molecular structures, optical properties, and redox behaviour.
These SiPc derivatives were subsequently investigated as potential ditopic linkers for the
construction of Zn-based SURMOF films. The resulting thin films were characterized by out-of-
plane X-ray diffraction (XRD), FT-IRRAS, and UV-Vis spectroscopy.
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Figure 2. Structure of the target molecules studied in chapter 2.

Chapter 3: Synthesis of Water Soluble Silicon Phthalocyanines for the Generation of
SURMOFs

Two SiPc mesylate salts bearing phenyl and biphenyl axial groups, designed to improve
water solubility and biocompatibility through the methylation of peripheral pyridine groups, while
preserving carboxylic acid functionalities essential for SURMOF integration were synthetized. A
reference SiPc axially substituted with 4-methylbenzoyl groups was also synthesized for
comparative purposes
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Finally, a characterization by 'TH-NMR, HR MALDI-TOF MS, and UV-Vis spectroscopy,

confirmed their molecular structures and optical properties. These SiPc derivatives were
subsequently investigated as potential ditopic linkers for the construction of Zn-based SURMOF

films. The resulting thin films were tested by XRD.
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Figure 3. Structure of the silicon phthalocyanines studied in chapter 3.
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Resumen.

Este trabajo doctoral surge de una colaboracién previa entre el grupo de investigacion de
la Prof.* Angela Sastre Santos y el Prof. Christof Wll, en la que se emplearon ftalocianinas de
silicio (SiPcs) sustituidas axialmente para la generacion de materiales tipo SURMOF. El proyecto
consta de dos partes principales: en primer lugar, el disefio, sintesis y caracterizacion de dieciséis
SiPcs funcionalizadas axialmente con el objetivo de modular las propiedades electronicas y
estéricas; y en segundo lugar, la incorporacion de diversas moléculas como enlazadores ditopicos
en peliculas delgadas de SURMOFs basadas en zinc, asi como la evaluacion de estos sistemas
como dispositivos fotoactivos. Esta sinergia entre la sintesis molecular y el autoensamblaje
supramolecular busca establecer principios de disefio que conecten la quimica de los ligandos con
el rendimiento de materiales fotoactivos de nueva generacion.

Capitulo 1: Sintesis de ftalocianinas de silicio con sustituyentes donadores y aceptores en
las posiciones periféricas para la generacion de SURMOFs

Se sintetizaron con éxito diez nuevas SiPc con sustituyentes axiales ditdpicos y grupos
periféricos de caracter dador o aceptor de electrones. Los compuestos se obtuvieron mediante
ciclotetramerizacion de ftalonitrilos, seguida de un intercambio de ligandos axiales a partir de
intermedios diclorados. Se caracterizaron exhaustiva mediante 'H-NMR, HR MALDI-TOF MS,
espectroscopia UV-Vis y voltametria ciclica. Confirmando sus estructuras moleculares,
propiedades Opticas y comportamiento redox. Posteriormente, estos derivados de SiPc fueron
evaluados como posibles enlazadores ditopicos para la construccion de peliculas delgadas de
SURMOF basadas en zinc. Las peliculas obtenidas se caracterizaron mediante difraccion de rayos
X fuera del plano (XRD), FT-IRRAS y espectroscopia UV-Vis.
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Figura 1. Estructura de las moléculas a estudio en el capitulo 1.



Capitulo 2: Sintesis de ftalocianinas de silicio con sustituyentes azo y piridina en las
posiciones axiales para la generacion de SURMOFs.

Se disefiaron y sintetizaron tres nuevas SiPc con el objetivo de estudiar su potencial como
enlazadores funcionales en la construccion de SURMOFs basados en zinc El primer grupo
incluye dos SiPcs funcionalizadas axialmente con &cido (E)-4-[(4-hidroxifenil)diazinil]benzoico,
que incorporan grupos azo capaces de fotoisomerizarse confiriendo asi un comportamiento
fotoactivo. Uno de estos derivados presenta ademas sustituyentes terc-butilo en la periferia, con
el fin de mejorar la solubilidad durante el proceso de fabricacion del SURMOF.

Ademas, se sintetizo un derivado funcionalizado con grupos piridina en posicion axial,
con el proposito de evaluar su capacidad de coordinacion y su influencia en el ensamblaje
estructural de los SURMOFs resultantes.

Los compuestos resultantes se caracterizacion mediante 'H-NMR, HR MALDI-TOF MS,
espectroscopia UV-Vis y voltametria ciclica confirmando sus estructuras moleculares,
propiedades opticas y comportamiento redox. Posteriormente, estos derivados de SiPc se
evaluaron como posibles enlazadores ditopicos para la construccion de peliculas delgadas de
SURMOFs basados en Zn. Las peliculas obtenidas se caracterizaron mediante difraccion de rayos
X fuera del plano (XRD), FT-IRRAS y espectroscopia UV-Vis.
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Figura 2. Estructura de las moléculas objetivo estudiadas en el capitulo 2.

Capitulo 3: Sintesis de ftalocianinas de silicio solubles en agua para la generacion de
SURMOFs.

Se sintetizaron dos sales SiPc mesiladas con grupos axiales de tipo fenil y bifenil,
disefiadas para mejorar la solubilidad en agua y la biocompatibilidad mediante la metilacion de
los grupos piridina periféricos, manteniendo a la vez las funcionalidades de acido carboxilico
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esenciales para su integracion en los SURMOFs. Del mismo modo, se sintetizd una SiPc de
referencia, funcionalizada axialmente con grupos 4-metilbenzoico, con fines comparativos.

La caracterizacion mediante '"H-NMR, HR MALDI-TOF MS y espectroscopia UV-Vis
confirmo6 sus estructuras moleculares y propiedades Opticas. Posteriormente, estos derivados de
SiPc fueron evaluados como posibles enlazadores ditopicos para la construccion de peliculas
delgadas de SURMOFs basadas en zinc. Las peliculas obtenidas fueron analizadas mediante
difraccion de rayos X (XRD).
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Figura 3. Estructuras de las ftalocianinas de silicio estudiadas en el capitulo 3.
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INTRODUCTION: PHTHALOCYANINES

1.Phthalocyanines

The discovery of phthalocyanines dates to 1907, when Braun and Tcherniac observed a
pale blue coloration during the synthesis of o-cyanobenzamide, suggesting the presence of an
unknown compound (Scheme 1.i).!

However, it was not until 1927 that Diesbach and von der Weid accidentally synthesized
the first copper-phthalocyanine through the cyanation of 1,2-dibromobenzene. This discovery led
to increasing scientific interest in these novel compounds (Scheme 1.ii).2

A year later, in 1928, phthalocyanine was again accidentally synthesized at the Scottish
Dyes’s Grangemouth plant, during the preparation of phthalimide from phthalic anhydride and
ammonia. A crack in the glass reactor allowed contact between the reaction mixture and the steel
lining, resulting in the formation of a blue impurity, later identified as a phthalocyanine (Scheme
L.iii).

The structural elucidation of these molecules was made possible through the pioneering
work of Reginald Linstead and his collaborators,>* complemented by Robertson’s X-ray
diffraction studies.’ Their contributions provided a deeper understanding of the structural and
electronic properties of phthalocyanines, establishing the foundation for the development of a
wide range of applications from pigments and dyes to electronic devices and sensors.

i) o O O
i 5 S I
2
o T ., ;
NH, %NH{F blue solid
o (0]
ii) Br CN
CuCN
—_— .
@[ Py *+ blue solid
Br CN
iii) o 0
Fe
o ——» NH blue-green solid
NH, 2 + g
(0] [e]

Scheme 1. Synthesis of i) 2-cyanobenzamine, ii) phthalonitrile, and iii) phthalimide.
1.1. Structure and Properties

Phthalocyanines are synthetic macrocyclic compounds that are structurally analogous to
natural porphyrins (Figure 1.i). Their structure consists of four isoindole subunits (Figure 1.ii),
linked at positions 1 and 3 by nitrogen atoms, which confer a high degree of rigidity to the
molecule. This arrangement results in a planar aromatic system characterized by 42 n-electrons,

1 A. Braun, J. Tchemiac, Ber. Dtsch. Chem. Ges., 1907, 40, 2709-2714.
2 H. de Diesbach, E. von der Weid, Helv. Chim. Acta., 1927, 10, 886-88.
3RP. Linstead, J. Chem. Soc., 1934, 1016-1017.

4 a) G. T. Byme, R. P. Linstead, A. R. Lowe, J. Chem. Soc., 1934, 1017-1022. b) R. P. Linstead, A. R. Lowe, J. Chem.
Soc., 1934, 1022-1027. c) C. E. Dent, R. E. Linstead, A. R. Lowe, J. Chem. Soc., 1934, 1033—-1039. d) J. A. Elvidge, R.
P. Linstead, J. Chem. Soc., 1955, 3536-3544. e) C. E. Dent, R. E. Linstead, J. Chem. Soc., 1934, 1027-1031.

5 a) J. M. Robertson, J. Chem. Soc., 1935, 615-621. b) J. M. Robertson, J. Chem. Soc., 1936, 1195—1209.

c) J. M. Robertson, I. Woodward, J. Chem. Soc., 1937, 219-230.
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where the principal electronic delocalization occurs within the 18 m-electrons of the core
macrocycle (Figure 1.iii). These structural features play a crucial role in defining their chemical,

thermal, and photophysical properties.

Figure 1. Structures of i) porphyrin, ii) isoindole, and iij) free-base phthalocyanine.

The central cavity of phthalocyanines can accommodate a wide range of metal ions,
including transition metals, lanthanides, actinides, and metalloids. This diversity leads to the
formation of metallophthalocyanines (MPcs), whose electronic properties differ from those of
free-base phthalocyanines.

The UV-Vis absorption spectra of phthalocyanines feature two prominent bands: the
Soret band, a broad absorption band centered around 350 nm, and the Q band, which appears as
a single band in metallophthalocyanines or as two bands in free-base phthalocyanines around 680
nm. These absorption bands originate from n-n* HOMO-LUMO transitions, with the Q band
exhibiting high molar extinction coefficients in the order of 10° M! cm™ (Figure 2).

—
N

Q 2 oo Q
po A I ar
Soret or B @J?@

x’\v HNA
N7

Soret or B

Absorbance
Absorbance

300 400 500 A(nm) 600 700 300 400 500 A(nm) 600 700

Figure 2. UV-Vis spectrum of i) a H.Pc and iij) an MPc.

Despite their extensive conjugation phthalocyanines are generally insoluble in most
organic solvents, but they dissolve in strong acids and high-boiling-point solvents such as DMSO
or DMF. Their solubility and optical properties can be adjusted through peripheral () and non-
peripheral (o) substituents (Figure 3), while the incorporation of certain metal atoms, such as
silicon, allows the functionalization of the axial positions.°

6 M. Hanack, M. Lang, Adv. Mater., 1994, 6, 819-833.
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Figure 3. Structures of free-base and metallophthalocyanines with their potential functionalization positions.

Beyond their optical properties, phthalocyanines exhibit valuable electrochemical
behaviour, making them a subject of numerous studies. Their stability, adjustable HOMO-LUMO
band gap, and redox capacity can be modulated by both, the metal ion at the core and the nature
of the peripheral substituents.”*

The central metal in a phthalocyanine, can influence the electronic properties of the
delocalized m-electron system, either by donating, withdrawing, or stabilizing charge depending
on its nature.’ For instance transition metals such as iron and cobalt, exhibit multiple oxidation
states, making them highly reactive compared to free-base phthalocyanines.'” Whereas metals like
copper and zinc confer a higher electrochemical stability. This is because Cu*" and Zn*" tend to
remain in a fixed oxidation state without frequent changes compared to free-base phthalocyanines,
which are more susceptible to oxidation due to their higher electron density in the conjugated

system. 12

Additionally, peripheral substituents play a key role in modulating the donor-acceptor
character of phthalocyanines. Electron-donating groups such as -NH,, -OH or -SH, increase
electron density in the phthalocyanine ring, whereas electron-withdrawing groups like -NO», -
CN, and -CF; reduce it. Moreover, bulky substituents introduce steric effects, modifying the
planarity of the molecule. These electrochemical modifications are evident in the UV-Vis spectra,
where electron-donating groups produce a red shift in the Q-band, while electron-withdrawing
groups result in a blue shift (Figure 4)."

Donor m
§ Acceptor =
©
2
=
<]
0
a
<
350 450 550 A(nm) 650 750

Figure 4. UV-Vis spectrum of donor (blue) and acceptor (red) phthalocyanines.

Another distinctive feature of phthalocyanines is their strong tendency to self-aggregate
due to w-w stacking interactions, which can significantly influence their solid-state properties. The

7 E. Demir, H. Silah, B. Uslu, Crit. Rev. Anal. Chem., 2020, 52, 425-461.

8 A. B. Sorokin, Chem. Rev, 2013, 9, 8152-8191.

9. Matsuura, M. Ogata, K. Miyake, H. Fukuyama, J. Phys. Soc. Jpn., 2012, 81, 104705.

19K, P. C. Hundi, J. Hur, Micromachines, 2024, 15, 1061.

" F. Wang, Z. Liu, C. Yang, H. Zhong, G. Nam, P. Zhang, R. Dong, Y. Wu, J. Cho, J. Zhang, X. Feng, Adv. Mater,
2019, 317, 1905361.

12, Giraudeau, A. Louati, M. Gross, J. J. Andre, J. Simon, C. H. Su, K. M. Kadish, /norg. Chem, 1983, 22, 1601-1607.
13 N. Kobayashi, H. Ogata, N. Nonaka, EA Luk'yanets, Chem. euros. J. ,2003, 9,5123-34.
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aggregation behaviour of these molecules depends on multiple factors, such as the nature of the
central metal, the peripheral groups, and the presence of axial substituents.!'*

Phthalocyanines exhibit different aggregation behaviours, which can be categorized into three
main types:

Stacking: This arrangement results from ©-m interactions between aromatic rings, leading
to highly ordered structure stabilized by van der Waals forces, which play a crucial role in the
stability of these aggregates (Figure 5.i)."

Sheets: Certain phthalocyanines bearing functional groups such as -NH»,, -OH, and
-COOH can assemble into two-dimensional sheets,'® where hydrogen bonding and metal
coordination facilitates layer formation and enhances structural integrity (Figure 5.ii)."”

3-D structures: In more complex scenarios, the combination of ©-n interactions, metal
coordination, and hydrogen bonding can result in the formation of three-dimensional
architectures. The characteristics of these structures are modulated by the nature of the
phthalocyanine and its substituents. Certain metallophthalocyanines promote axial
substitution, facilitating the formation of structures with larger pore sizes or expanded unit
cell dimensions (Figure 5.iii). Similarly, the size and bulkiness of peripheral substituents
affect steric hindrance, which in turn modulates intermolecular interactions and packing
efficiency. These mechanisms allow the construction of highly organized frameworks, such
as MOFs and SURMOFs, 819
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Figure 5. The figure shows different types of aggregation i) stacking, ii) sheets, iij) 3-D structure.
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These aggregation patterns impact both molecular organization, optical and electronic
properties. The formation of highly ordered structures can enhance charge mobility, improving
electrical conductivity,”® while =n-m interactions between aromatic rings can modulate

14 A. Snow, The Porphyrin Handbook, 2003, 129-176.

15 K. Hatsusaka, K. Ohta, I. Yamamoto, H. Shirai, J. Mater. Chem.,2001, 11, 423-433.
B Biemmi, C. Scherb, T. Bein, J. Am. Chem. Soc., 2007, 129, 8054 -8055.

7 H. Jia, Y. Yao, J. Zhao, Y. Gao, Z. Luo, P. Du, J. Mater. Chem. A 2018, 6, 1188-1195.

18 R. Haldar, Z. Fu, R. Joseph, D. Herrero, L. Martin-Gomis, B. S. Richards, I. A. Howard, A. Sastre-Santos, C. Wall,
Chem. Sci. 2020, 11, 7972-7978.

9 4. Chen, L. Martin-Gomis, Z. Xu, J.C, Fischer, I.A. Howard, A. D. Herrero, V. Sobrino-Bastan, A. Sastre-Santos, R.
Haldar, C. Wéll. Phys. Chem. Chem. Phys. 2023, 25, 19626.

20 M. Dumm, P. Lunkenheimer, A. Loidl, B. Assmann, H. Homborg, P. Fulde, J. Chem. Phys., 1996, 104, 5048-5053.
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optoelectronic properties by altering electronic delocalization and energy transfer processes,
leading to bathochromic shifts in UV-Vis spectra.?!??

1.2. Synthesis of Phthalocyanines

The synthesis of phthalocyanines can be achieved through different methods, with the
most common method involving the cyclotetramerization of precursors at high temperatures.

The most common precursors are phthalonitrile, diiminoisoindoline, phthalimide, 2-
cyanobenzamide, phthalic anhydride, and phthalic acid. Except for phthalonitrile and
diiminoisoindoline, an external nitrogen source is necessary for the cyclotetramerization process
with urea commonly used for this purpose.

The synthesis of metallophthalocyanines can be achieved through direct coordination of
a metal ion during the cyclotetramerization process or by the introduction of the metal ion in a
free-base phthalocyanine (M = H>). Alternatively, they can be obtained by transmetalation, using
labile complexes with alkali metals such as lithium, magnesium, or sodium (Scheme 2).%

R 5 R NH
[j " CuCN/DMF >/ NH; (g 1[>/ N
Br C MeOH/MeONa 53

2 2 2
R CuCN/DMF R R NH

[M =Cu (||)] o) ROH DT
| MO r (DBN) Solvent1 )
3 4
RﬂxR = A%
| N \

A
R N:;_(/N N = =N NS —N f
N\
R4>“—4\R3 2\_4\R1 sz\\_é\Rﬂ
MX
Urea Formamlde
Solvent

CONH,
E 9ol \I
’ CN
R?
M = Alkaline, alkaline earth metals, Ag, Cd, Pb, Sn (ll), Sb (lll), Zn (lI),...

Scheme 2. Methods for the synthesis of symmetric phthalocyanines.

1.2.1. Synthesis of Symmetrical Phthalocyanines

The synthesis of symmetrical phthalocyanines relies on the condensation of four identical
subunits in a cyclotetramerization process. This reaction requires strict conditions, as high
temperatures and polar high-boiling point solvents, such as DMAE, pentanol, DMF,
hydroquinone or quinoline. The presence of a non-nucleophilic base, like DBU or DBN acts as a
catalyst in the reaction. Moreover, the addition of a metallic salt facilitates the formation of the

21k. Kasuga, K. Yashiki, T. Sugimori, M. Handa, J. Porphyrins Phthalocyanines, 2005, 9, 646—650.
2 A A Zanfolim, D. Volpati, C. A. Olivati, A. E. Job, C. J. L. Constantino, J. Phys. Chem. C, 2010, 114, 12422-12429.
23 p_ A, Barrett, D. A. Frye, R. P. Linstead, J. Chem. Soc., 1938, 1157-1165.
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metallophthalocyanine ring by acting as a template, by stabilizing the macrocycle during
synthesis.?*

Phthalocyanines offer 16 potential positions for functionalization, distributed across two
a and two [ positions on each isoindoline subunit. This structural versatility allows for the
introduction of different substituents, leading to a broad range of substituted phthalocyanines.?

Many of these modifications have been achieved using pre-substituted precursors, such
as phthalonitrile or diiminoisoindoline. The synthesis of tetrasubstituted phthalocyanines results
in a mixture of regioisomers with Cap, Cay, Cs, and Don, symmetries (Figure 6). Separating these
isomers is challenging and often requires advanced chromatographic techniques, such as HPLC,?°
or prolonged recrystallization processes.?”” Nevertheless, this isomeric heterogeneity can enhance
certain phthalocyanine properties, such as increased solubility in organic solvents, without
significantly altering their spectroscopic and electrochemical characteristics.

Figure 6. Regioisomers of a tetrasubstituted phthalocyanine.

1.2.2. Asymmetric Phthalocyanines

Asymmetric phthalocyanines are those in which at least one isoindole subunit is
substituted with a functional group that differs from the others. Three substitution patterns can be
distinguished: (I) one unit is different from the others (A3B pattern); (II) adjacent units that have
the same substituents (AABB pattern), and (III) opposite units that have the same substituents
(ABAB pattern) (Figure 7).

24 \/. N. Nemykin, E. A. Lukyanets, Arkivoc 2010, 24, 136-208.

2 M. Hanack, H. Heckmann, R. Polley, in Houben-Weyl., Methods in Organic Chemistry, 1997, 9, 717-832.

26\, Hanack, D.Y. Meng, A. Beck, M. Sommerauer, L.R. Subramanian, J. Chem. Soc., Chem. Commun., 1993, 58—-60.
27 . Brewis, G.J. Clarkson, P. Humberstone, S. Makhseed, N.B. McKeown, Chem. Eur. J., 1998, 4, 1633—1640.
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Figure 7. Structure of asymmetric phthalocyanines.

Several methods can be used to synthesize asymmetric phthalocyanines, with statistical
cyclotetramerization being the most common. This method involves the cyclotetramerization of
two different phthalonitriles or diiminoisoindolines, resulting in a statistical distribution of the six
possible phthalocyanines (As, AsB, AABB, ABAB, ABs, B4).?® Despite its lack of selectivity, it
is the most widely used method (Figure 8.i).

The ring expansion method represents the first selective approach for synthesizing As;B
phthalocyanines. This method requires the previous synthesis of a subphthalocyanine which
undergoes ring expansion to form the final asymmetric phthalocyanine (Figure 8.ii).%

Leznoff and Hall developed a method to selectively synthesize asymmetric
phthalocyanines using a polymeric support.’® By immobilizing the reactants, this method
minimizes the formation of side products. However, the synthetic process requires two additional
steps, increasing its complexity (Figure 8.iii).

Cross-condensation of the substrate can occur if one of the reactants, like 1,3,3-
trichloroisoindolenine, is unable to self-condense.’! Lowering the temperature at which
phthalocyanine formation occurs promotes cross-condensation over self-condensation, thus
promoting the formation of ABAB and A;B phthalocyanines (Figure 8.iv).>? Additionally, the
selective formation of AABB and A3;B phthalocyanines can be achieved by employing trimeric
or dimeric precursor units with a different co-reactant. In this approach, the dimer is pre-
synthesized using lithium alkoxide in methanol before being incorporated into the phthalocyanine
framework (Figure 8.iv).*

28 N. B. McKeown, |. Chambrier, M. J. Cook, J. Chem. Soc., Perkin Trans. 11990, 1169-1177.
2Y¢. 6. Claessens, D. Gonzalez Rodriguez, T. Torres, Chem. Rev. 2002, 102, 835.

30 ¢. C. Leznoff, T. W. Hall, Tetrahedron Lett. 1928, 23, 3023.

31 C. C. Leznoff, S. Greenberg, B. Khouw, A. B. P. Lever, Can. J. Chem. 1987, 65, 1705-1713.

32 a) E. Glizel, D. P. Medina, M. Medel, M. Kandaz, T. Torres, M. S. Rodriguez-Morgade, J. Mater. Chem. C 2021, 9,
10802-10810. b) J. Y. M. Chan, D. K. P. Ng, J. Org. Chem. 2022, 87, 7213-7218.
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Figure 8. Synthesis of asymmetric phthalocyanines.

1.3. Phthalocyanines with Axial Substitution

As previously mentioned, certain metallophthalocyanines have the capacity to form axial
bonds. This coordination property can modulate their electronic and optical properties.*’

To facilitate the formation of axial bonds, the structure of the metal ion plays a
fundamental role. These ions should possess an incomplete d orbital configuration, a small ionic
radius, and a high affinity for coordinated covalent bonding, allowing an interaction with axial

33 J. Andzelm, A. M. Rawlett, J. A. Orlicki, J. F. Snyder, K. K. Baldridge, J. Chem. Theory Compuit., 2007, 3, 870-877.
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ligands.* Transition metals such as Ti,3 V,36 Mn,% Fe,3 Co0% and Ni“° exhibit this capacity. Other
metals that share these characteristics include AL*' Ga*? and Si,*3 which can also engage in axial
coordination.

Axial coordination substituents can have an influence beyond electronic effects, it can
also affect the solubility and chemical reactivity of phthalocyanines, allowing further
functionalization. This modification depends on both the metal introduced and the nature of the
axial ligand.*** As mentioned in section 1.1, metallophthalocyanines modify optical properties,
exhibiting a single Q band compared to the two bands observed in free-base phthalocyanines.

Silicon phthalocyanines have traditionally been the preferred choice for axial substitution.
This is due to several factors, such as:

¢  SiPcs exhibit highly covalent Si—N bonds, in contrast to the metal-nitrogen bonds found
in other phthalocyanines.*

e Silicon metal allows for two axial coordination sites, enabling the synthesis of both
symmetric and asymmetric axially substituted phthalocyanines.®

e The Q band in SiPcs, like in other phthalocyanines, can be modulated by the nature of the
peripheral and non-peripheral substituents. Acceptor substituents induce a bathochromic
shift due to their electron-withdrawing effect.*’ In contrast, non-bulky substituents, can
promote aggregation, leading to an increase in Q-band width and a decrease in its
intensity.*

o Like other phthalocyanines, SiPcs exhibit fluorescence due to their extended =-
conjugation.” However, their fluorescence can be lower than that of free-base
phtalocyanines due to their tendency to aggregate.*®

e As mentioned in section 1.1, SiPcs can form different types of aggregates. In the case of
axially substituted SiPcs, there can be a formation of J-type m-m aggregates of
considerable length due to these axial bonds.>

34 T. J. Martins, L. B. Negri, L. Pernomian, K. D. C. F. Faial, C. Xue, R. N. Akhimie, M. R. Hamblin, C. Turro, R. S. da
Silva, Front. Mol. Biosci., 2021, 7, 595830.

35 v Arslanoglu, E. Hayran, E. Hamuryudan, Dyes Pigm., 2013, 97, 340—346.
36 G. Mbambisa, T. Nyokong, Polyhedron, 2008, 27, 2799-2804.

37N, Montenegro-Pohlhammer, R. Sanchez-de-Armas, G. Cardenas-Jirdn, C. J. Calzado, J. Phys. Chem. C 2019, 123,
46.

3 M. P Oyarzun, N. Silva, D. Cortés-Arriagada, J. F. Silva, I. O. Ponce, M. Flores, K. Tammeveski, D. Bélanger, A.
Zitolo, F. Jaouen, J. H. Zagal, Electrochim. Acta 2021, 398, 139263.

39 . Riguelme, K. Neira, J. F. Marco, P. Hermosilla-Ibafiez, W. Orellana, J. H. Zagal, F. Tasca, Electrochim. Acta 2018,
265, 547-555.

40 J. Hong, T. J. Fauvell, W. Helweh, X. Zhang, L. X. Chen, J. Photochem. Photobiol. A Chem. 2019, 372, 270-278.
4N Brasseur, R. Ouellet, C. La Madeleine, J. E. van Lier, Br. J. Cancer, 1999, 80, 1533—-1541.

42p, Lorenzoni, C. A. Z. Souto, M. B. Araujo, C. de Souza Berger, L. C. D. da Silva, M. O. Baratti, J. N. Ribeiro, D. C.
Endringer, M. C. C. Guimaraes, A. R. da Silva, J. Photochem. Photobiol. B: Biol. 2019, 198, 111582.

By, Zhang, Y.-K. Cheung, D. K. P. Ng, W.-P. Fong, Angew. Chem. Int. Ed. 2021, 70, 485—495.

44w Hofman, F. van Zeeland, S. Turker, H. Talsma, S. A. G. Lambrechts, D. V. Sakharov, W. E. Hennink, C. F. van
Nostrum, J. Med. Chem., 2007, 50, 1823—-1830.

S p.wm. Réasadean, T. M. Gianga, A. H. Swan, G. Kociok-Kéhn, G. D. Pantos, Org. Lett., 2018, 20, 9, 2503-2506.

48 M. H. Qiao, Y. Cao, J. F. Deng, G. Q. Xu, Chem. Phys. Lett., 2000, 325, 508-512

47 Y. Ogura, M. Nakano, H. Maeda, M. Segi, T. Furuyama, Molecules, 2022, 27, 2766.

B AK. Pal, S. Varghese, D.B. Cordes, A.M.Z. Slawin, |.D.W. Samuel, E. Zysman-Colman, Sci. Rep., 2017, 7, 12282.
=y Ogunsipe, T. Nyokong, J. Porphyrins Phthalocyanines, 2005, 9, 2, 118—126.

%0 T Doane, A. Chomas, S. Srinivasan, C. Burda, Chem. Eur. J. 2014, 20, 8030-8039.
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1.3.1. Synthesis of Axially Substituted SiPcs

The synthesis of these compounds needs the previous formation of an intermediate, into
which the desired substituent is introduced.’! Dichlorophthalocyanines, derived from the
cyclotetramerizations of diiminoisoindoline with a SiCls, are the most common intermediate.
During this process, hydroxylated phthalocyanines can be produced by a base-catalysed
hydrolysis of the chlorinated precursors.>? Both phthalocyanines exhibit the ability to form axial
bonds with different functional groups. Dichlorophthalocyanines can form bonds with groups
such as alcohols, phenols, and carboxylic acids.’® Hydroxyphthalocyanines, on the other hand,
can form bonds with silane groups.>* To achieve this reaction, it must be produced on nonpolar

solvents in the presence of mild base (Scheme 3).5

. @/@ m @@

NH
NH Qumollne High temperature \
55 High-boiling solvent N
R4= R-OH; Ar-OH; NaOH
R-SH; R-COOH Pyridine
H,O
R,= R3-Si

OH
( t/N\/‘{ _7 ( b/ \/‘é 7
d — —
_—N\\ [N /) RZ N /
N. N/=Si\ N
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P> Short reactions \5
N Nonpolar solvents :5
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%

Ollllmm,, 1,
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Re

Scheme 3. Synthesis of symmetrical axially substituted SiPcs.

In comparison to their symmetric analogues, a limited number of SiPc derivates with
asymmetric axial linkers have been synthesized.

To synthesize these kinds of phthalocyanines, different synthetic routes have been
employed. One of these routes, starts from symmetric phthalocyanines with axial bulky groups,
because they have a steric hindrance and a higher lability in the silicon bonds. The method
involves the selective hydrolysis of Si-O-Si phthalocyanines as precursors and it was carried out
by adding trichloroacetic acid in DCM at room temperature, obtaining a hydroxylated
intermediate, which was subsequently subjected to a nucleophilic substitution reaction where the
—~OH group was replaced by the desired substituent (Scheme 4.i).>° Another alternative route, also

51 K. Mitra, M.C.T Hartman, Org. Biomol. Chem., 2021, 19, 1168-1190.
2 J-W. Hofman, F. van Zeeland, S. Turker, H. Talsma, S. A. G. Lambrechts, D. V. Sakharov, W. E. Hennink C. F. van
Nostrum, J. Med. Chem., 2007, 50, 1485-1494

53 R. Rafaeloff, F. J. Kohl, P. C. Krueger, M. E. Kenney, J. Inorg. Nucl. Chem. 1966, 28, 899-902.

54 E. van de Winckel, B. David, M. M. Simoni, J. A. Gonzalez-Delgado, A. de la Escosura, A. Cunha, T. Torres, Dyes

Pigm. 2017, 145, 239-245.
55 1M Anula, J. C. Berlin, H. Wu, Y.-S. Li, X. Peng, M. E. Kenney, M. A. J. Rodgers, J. Phys. Chem. A 2006, 110,

5215-5223.
56 Lowery, M. K.; Starshak, A. J.; Esposito, J. N.; Krueger, P. C.; Kenney, M. E. Inorg. Chem. 1965, 4, 128.
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starting from these symmetric Si-O-Si phthalocyanines, yields asymmetric SiPcs during the
purification process by crystallization. In this case, the choice of solvent is crucial for obtaining
the desired compound, as it promotes the selective precipitation of the target molecule (Scheme
4.ii).”’

R- SI R-Si\o
Q / 9 ! Q / 9 =
Trichloroacetic acid >~=N
< DCM R/OH =N /N/’
/ > Ny Sil. LN
RT MeOH NG NS
_:5 =.=N Pyridine 3N
O HO Reflux 6

R-S
. \o
11)
Q_\f/"‘ @
R;OH N N SN N
S N/=: “N
CHCly <
RT

*R,OH

Oy, 2‘ s

Scheme 4. Synthesis of asymmetrical SiPcs with axial Si-OR bonds.

Other synthetic method involves the preparation of monochlorophthalocyanines. This is
achieved by the reaction of diiminoisoindolines dissolved in quinoline under reflux conditions
with alkyltrichlorosilanes instead of SiCls.’® Subsequently, starting from this asymmetric SiPc,
the desired phthalocyanine can be obtained through a Grignard reaction (Scheme 5.i).>

The last method of synthesis starts from dichlorophthalocyanines and involves a
nucleophilic substitution of the chlorine atoms by the desired substituents. In this case, the
reactivity of the substituents must be considered, adjusting the number of moles added to improve
the formation of the desired compound. However, an inconvenient of this method is the formation
of symmetric phthalocyanines, which can decrease the yield of the reaction (Scheme 5.ii).*°

Sp.c. Lo, J.-D. Huang, D. Y. Y. Cheng, E. Y. M. Chan, W.-P. Fong, W.-H. Ko, D. K. P. Ng, Chem. — Eur. J. 2004, 10,
4831-4838.
58 J.N. Esposito, J. E. Lloyd, M. E. Kenney, Inorg. Chem. 1966, 5, 1979-1984.

Mk Tamao, M. Akita, H. Kato, M. Kumada, J. Organomet. Chem. 1988, 341, 165-179.
60 | Martin-Gomis, K. Ohkubo, F. Fernandez-Lazaro, S. Fukuzumi, A. Sastre-Santos, Org. Lett. 2007, 9, 3441-3444.
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Scheme 5. Synthesis of asymmetrical SiPcs with axial Si-C bonds

1.4. Applications of Silicon Phthalocyanines.

Due to their intense colour and high stability, phthalocyanines have been exploited
commercially as dyes and pigments since their discovery. Moreover, different types of
phthalocyanines have been used for multiple applications in numerous research fields.®'*? In this

work, we will focus on the applications of SiPcs
SiPc derivates have unique optical, redox and electronic properties, as described
previously. Their structural diversity, achieved by versatile functionalization at peripheral, non-
peripheral and axial positions, allow their use in fields such as biomedicine, photovoltaics,

optoelectronic and photocatalysis

a) C.C. Leznoff, A.B.P. Lever, Phthalocyanines, 1989, Vols. 1-4. b) N.B. McKeown, Phthalocyanine Mater, 1998
a) J. Zhao, H. Lyu, Z. Wang, C. Ma, S. Jia, W. Kong, B. Shen, Separation and Purification Technology, 2023, 312

61
123404-123431. b) J. Rak, M. Kabesova, J. Benes, P. Pouckova, D. Vetvicka, Life, 2023, 13, 305-324. c) Z. Jiang, Y
Ding, J.F. Lovell, Y. Zhang, Photoacoustics, 2022, 28, 100426-100440. d) H.-g. Wang, Q. Wu, L. Cheng, L. Chen, M. Li

G. Zhu, Energy Storage Materials, 2022, 52, 495-513
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The biomedical applications of SiPcs primarily stem from their light-responsive
properties, making them effective therapeutic agents against cancer,®® antibacterial®* and
antifungal agents.® SiPcs have demonstrated high potential for in vitro and in vivo bioimaging
due to their strong near-infrared emission.®*®” Additionally, their intense Q-band absorption in
the near-infrared region has facilitated their use in photodynamic therapy (PDT),%
photoimmunotherapy (PIT)® and photothermal therapy (PTT).”

You’s research group developed SiPcs as multifunctional drug carriers, integrating
fluorescence imaging, far-red light-mediated drug release, and the combined effects of singlet
oxygen-induced PDT and local chemotherapy.”> To achieve this, they utilized a singlet oxygen-
labile aminoacrylate bond to attach combretastatin and paclitaxel at the axial positions of SiPcs
(Figure 9).7>7 The drug-conjugated SiPcs exhibited lower cytotoxicity than the free drugs, with
drug release triggered by light irradiation, which generated singlet oxygen to cleave the
aminoacrylate linker.

‘\ ‘ Local chemotherapy by
released drug.

(0]
O\NC
\T_@

O\/\

z

Figure 9. Structure of SiPc carrier of drug and singlet oxygen-mediated drug release.

SiPcs are also employed in solar cell applications, serving as additives,”
acceptors,’®donors,”” and cross-linking components.”® Their chemical and thermal stability, along
with their strong absorption in the red and near-infrared regions, make them valuable materials
for expanding the light-harvesting window and enhancing power conversion efficiency.

Ameri and co-workers group successfully synthesized SiPcs derivates with bulky terz-
butyl groups at the periphery and pyrene carboxylic acid groups at the axial positions. These

83 p.c. Lo, M. S. Rodriguez-Morgade, R. K. Pandey, D. K. P. Ng, T. Torres, F. Dumoulin, Chem. Soc. Rev. 2020, 49,
1041-1056.

64 M. Lam, M. L. Dimaano, P. Oyetakin-White, M. A. Retuerto, J. Chandra, P. K. Mukherjee, M. A. Ghannoum, K. D.
Cooper, E. D. Baron, Antimicrob. Agents Chemother. 2014, 58, 3029-3034.

85 A Galstyan, R. Schiller, U. Dobrindt, Angew. Chem. Int. Ed. 2017, 56, 10362—10366.

66 J. Mao, Y. Zhang, J. Zhu, C. Zhang, Z. Guo, Chem. Commun. 2009, 908-910.

67 W. Li, W. Dong, Q. Liu, G. Lv, M. Xie, X. Sun, L. Qiu, J. Lin, J. Photochem. Photobiol., B 2019, 190, 1-7.

68 M. A. Hutnick, S. Ahsanuddin, L. Guan, M. Lam, E. D. Baron, J. K. Pokorski, Biomacromolecules, 2017, 18, 379-385

69k Ito, M. Mitsunaga, T. Nishimura, M. Saruta, T. lwamoto, H. Kobayashi, H. Taijiri, Bioconjugate Chem., 2017, 28,
1458-1469

70 X. Li, J. F. Lovell, J. Yoon and X. Chen, Nat. Rev. Clin. Oncol., 2020, 17, 657-674

4 A. M. L. Hossion, M. Bio, G. Nkepang, S. G. Awuah, Y. You, ACS Med. Chem. Lett. 2013, 4, 124-127.
2 G, Nkepang, M. Bio, P. Rajaputra, S. G. Awuah, Y. You, Bioconjugate Chem. 2014, 25, 2175-2188.
73 M. Bio, P. Rajaputra, G. Nkepang, Y. You, J. Med. Chem., 2014, 57, 3401-3409.

74 p_Thapa, M. Li, M. Bio, P. Rajaputra, G. Nkepang, Y. Sun, S. Woo and Y. You, J. Med. Chem., 2016, 59, 3204—
3214.

75 5. Honda, H. Ohkita, H. Benten, S. Ito, Chem. Commun. 2010, 46, 6596—6598.

76 \.-T. Dang, T. M. Grant, H. Yan, D. S. Seferos, B. H. Lessard, T. P. Bender, J. Mater. Chem. A 2017, 5, 12168—
12182.
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Mater. Interfaces 2015, 7, 5076-5088.
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compounds were specifically designed for the fabrication of ternary electron acceptors in bulk
heterojunction solar cells based on P3HT/PCBM.” The resulting devices showed a 20% increase
in short-circuit current density (JSC) and a 50% improvement in power conversion efficiency
compared to the reference device. This performance boost was attributed to an improved fill factor
and enhanced charge carrier mobility (Figure 10).

ol

Figure 10. Structure of bis-ester SiPc.

Samuel and co-workers investigated the optoelectronic and electroluminescent properties
of SiPcs as emitters in organic light-emitting diodes (OLEDs), leveraging their near-infrared
luminescence.’® To achieve this, they employed SiPc-i and SiPc-ii (Figure 11). Both SiPcs
exhibited a maximum emission around 698-709 nm with a narrow full width at half maximum of
21-27 nm.

Doping the emissive layer of the device with 10% of SiPc-i resulted in a higher quality
device, characterized by reduced porosity and surface roughness compared to SiPc-ii (Figure 11).
These results indicated the crucial role of the axial ligand in the device’s optoelectronic properties.
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16 ¢ o)
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Figure 11. Structure of bis-ester SiPc for OLED.

[ Ke, J. Min, M. Adam, N. Gasparini, Y. Hou, J. D. Perea, W. Chen, H. Zhang, S. Fladischer, A.-C. Sale, E.
Spiecker, R. R. Tykwinski, C. J. Brabec, T. Ameri, Adv. Energy Mater. 2016, 6, 1502355.

80 g, Zysman-Colman, S. S. Ghosh, G. Xie, S. Varghese, M. Chowdhury, N. Sharma, D. B. Cordes, A. M. Z. Slawin, I.
D. W. Samuel, ACS Appl. Mater. Interfaces 2016, 8, 9247-9253.
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SiPcs also function as efficient photocatalysts due to their robust photostability, intense
solar spectrum absorption tunable at the molecular level and their ability to initiate photoinduced
electron transfer reactions.®!

Previously, covalently functionalized SiPc-graphene-based organic hybrid compounds
have been synthesized as enhanced solar catalysts.®? The nitrogen-doped SiPc-graphene hybrid
(N-usRGO/SiP¢) demostrated strong visible light absorption.®’The 90% quenching of SiPc
fluorescence and enhanced photocurrent responses observed for N-usRGO/SiPc demonstrated an
efficient photoinduced electron transfer process from SiPc to N-usRGO via covalent bonds
(Figure 12).

These properties were attributed to the enhanced visible light driven catalytic activity of
usRGO/SiPc compared to SiPc-free N-usRGO.

Figure 12. Structure of N-usRGO/SiPc nanocomposites.

81'S. Zhu, D. Wang, Adv. Energy Mater. 2017, 7, 1700841.
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3732-3741.
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2. Metal-Organic Frameworks (MOFs)

Metal-Organic Frameworks (MOFs) represent a novel category of coordination materials
characterized by a high crystallinity and porosity, with surface areas that can reach up to 10.000
m?/g.8384 These structures are composed of organic ligands as a linker, coordinated to metal nodes
through strong coordination interactions (Figure 13).

To form stable three-dimensional networks, linkers must feature two or more functional
groups, allowing them to coordinate effectively with metal ions or metal clusters.® This structural
design provides MOFs with the unique ability to accommodate guest molecules within their
internal cavities in a temporary and reversible manner. The versatility in the selection of ligands
and metals enables precise modulation of pore size,* making MOFs a versatile platform for
diverse applications such as gas store,’’ catalysis,* and molecular separation. *

Figure 13. Representation of a metal-organic network or MOF.

Guest molecules

Nede Linker

The term MOFs emerged in the 1990s within the field of coordination chemistry, which
explores the combination of inorganic and organic components to create materials with
well-defined crystalline and porous structures.

The concept of three-dimensional frameworks was introduced in 1990 by Hoskins and
Robson,” who employed tetrahedral Cu(I) centres linked by the tetrahedral ligand 4,4',.4",4™
teracyanotetraphenylmethane (TCTPM). The resulting framework adopts a diamonded network
with tetragonal cavities (Figure 14). These three-dimensional molecular rod frameworks laid the
foundation for what would later be recognized as MOFs.
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TCTPM

Figure 14. Diamonded framework of tetrahedrally coordinated Cu(l) ions linked by TCTPM as organic linker.

However, it was not until 1995 that the term MOFs was formally introduced by Omar
Yaghi and his research group.”! They successfully synthesized a diamond network using
triangular planar Cu(l) as the metal center and the 4,4'-bipyridine (4,4'-bpy) as the organic ligand
(Figure 15). Yaghi and his group demonstrated that a rational selection of organic linkers and
transition metals enables the construction of highly porous, stable, and structurally well-defined
three-dimensional architectures.

These advancements marked the emergence of a new generation of highly functional
materials, now known as Metal-Organic Frameworks, highlighting the critical role of
coordination chemistry and molecular design in the development of these innovative materials

Cu(-4,4’-bpy); 4.4°-bpy

Figure 15. Diamonded framework of trigonal planar coordinated Cu(l) ions linked by 4,4’-bpy as organic linker.

91 0.M. Yaghi, H. Li, J. Am. Chem. Soc. 1995, 117, 10401.
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2.1. Structural Components in MOF and their Interactions

MOFs are a highly crystalline and porous materials whose structures are defined by the
interaction between metal nodes and organic linkers. The combination of these components
determines the structural, chemical, and functional properties of the resulting MOF, allowing for
a wide range of applications. To date, over 100,000 different MOF structures have been reported,
with new variations emerging each year (Figure 16).3
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Figure 16. Evolution of the number of MOF structures registered in the Cambridge Structural Database (CSD) and
related publications found in Web of Science from 1976 to 2019. Image adapted by reference.?

The election of metal significantly influences the structure, stability, and functional
characteristics of the resulting material. °> Metals act as coordination centers, linking with organic
ligands to form highly ordered porous networks.”* This role depends on several intrinsic
characteristics, including oxidation state, ionic radius, and electronic configuration.

Transition metals, alkali metals, alkaline earth metals, and rare earth elements are
commonly employed due to their ability to exhibit multiple oxidation states, which expands the
possible structural geometries. For example, metals such as iron (Fe**/Fe*") or cobalt (Co*") tend
to form octahedral geometries when coordinated to six ligands,”® whereas zinc (Zn>*) and cupper
(Cu*) commonly adopt tetrahedral arrangements.”’*® Additionally, divalent cupper (Cu?*), may
favour square planar coordination,” further influencing the MOF’s electronic and mechanical
properties (Figure 17).
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INTRODUCTION: MOFs

As well, the ionic radius of the metal is another key factor in MOF design. Metals with
large radii, such as rare earth elements, tend to produce MOFs with large pores, making them
ideal for gas storage and molecular separation.'!%! In contrast, small metal ions like aluminium
(AI*") induce compact structures, enhancing thermal and chemical stability.!?>!%

o o
£
o ? @ O

Figure 17. Scheme of diverse geometries structures of MOFs.

Other determinant element in MOFs synthesis, are organic linkers (Figure 18) as the
connecting elements between metal nodes playing a fundamental role in determining pore size,
structural rigidity, and functional properties.

The length of the linker directly affects pore size. Long ligands such as 4,4'-
biphenyldicarboxylic acid or phthalocyanines generate MOFs with large pores,'®!% whereas
short linkers like terephthalic acid result in MOFs with small pores and more compact
structures.'%

In a similar matter, the rigidity of the linker plays a crucial role in determining the
properties of MOFs. Rigid linkers, such as planar aromatic compounds as terephthalic acid and
triphenylene, often result in highly ordered and stable MOF structures.'?”'% In contrast flexible
linkers, as aliphatic dicarboxylic acids, can introduce flexibility and adaptability into the MOF
structures, due to rotation around C-C bonds.!®®

Likewise, the geometry of the ligand affects the spatial arrangement of the MOFs’
structure. Linear ligands, present an extended and unbranched geometry, promote the formation
of 1D or 2D dimensional structures. This is exemplified by MOFs constructed from linear
dicarboxylic acids or polypyridines.!®-!'°In contrast, branched ligands with multiple coordination
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sites allow the construction of complex three-dimensional structures, as seen in MOFs based on
tri-carboxylic acids like benzene-1,3,5-tricarboxylic acid (BTC) or porphyrin.!!:112

Ligand length Rigidity of linker Geometry of the ligand
HO___O OH
HO._O O HO__O o
® § z §
O0” "OH O0” "OH HO
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Figure 18. The diversity of geometry of the different ligands for MOFs.

The chemical nature of linkers is another determining factor in the properties of MOFs.
The incorporation of specific functional groups into the linkers, such as azo, amino, carboxyl, and
heterocyclic groups, allows for the tuning of MOF properties (Figure 19). For example, linkers
containing azo groups, which can coordinate with metal ions like Co*" and Cu**,can confer photo
responsiveness, allowing control over pore opening and closing.!'> Amino groups, commonly
interacting with Zr*" or AI**, impart basic properties, generating MOFs appropriate for acid-base
reactions.!!'* Heterocyclic linkers such as imidazole and pyridine can coordinate with Cu?*, Zn?",
and Co*", acting as Lewis bases.!!?

Furthermore, the incorporation of linkers with semiconducting and optical properties such
as phthalocyanines''® or naphthalenediimides,''’ lets the creation of MOFs for electro-optical
devices.

Once the different metal nodes and organic linkers, as well as their influence on the
structural properties of MOFs, have been identified, it is essential to analyse the interactions that
occur between them. In this context, functional groups play a fundamental role, as they mediate
these interactions and significantly influence the final architecture of the MOF.

The most relevant interactions between linkers and nodes in MOF formation are
coordinate covalent bonds. Usually, these bonds are established when functional groups in the
linker donate electron pairs to the vacant orbitals of the metal node, thereby forming a stable
coordination network.'®
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Carboxylic acids groups are the most employed linkers for MOF synthesis due to their
capacity to form stable coordinate covalent bonds. In these interactions, the oxygen atom of the
carbonyl group acts as an electron donor, coordinating with metals as Zn**, AI**, and Fe**.!"?

Similarly, amine groups are frequently utilized in MOF design, functioning as Lewis
bases by donating electron pairs from the nitrogen atom to metal ions such as Zr*", leading to the
formation of robust coordination bonds.!*® Hydroxyl groups also serve as coordination sites,
particularly with metals like Ti*" and AI** while simultaneously contributing to MOF stability
through the establishment of additional hydrogen bonds within the framework.!?!

In addition to these commonly used functional groups, nitrogen-containing heterocycles,
such as pyridine, imidazole, and triazole, play a crucial role in MOF formation. These moieties
coordinate with transition metals such as Cu®’, Zn**, Fe>" and Co?", acting as Lewis bases and
influencing the electronic properties of the resulting materials.!?* Likewise, sulfonic acid groups
introduce strong Brensted acidity, facilitating the bond coordination with metals such as Cr*" and
Zr*" and promoting acid-catalyzed MOF formation.'?® Similarly, phosphonate exhibit strong
binding affinities toward metal centers like AI*" and Zr*', yielding highly stable coordination
networks.'**

Finally, nitroxide and radical-containing groups have been explored for their ability to
coordinate with metal ions such as Cu®*" and Mn?", leading to the formation of MOFs with intrinsic
magnetic properties, expanding their potential applications in advanced functional materials.'?
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Figure 19. Main functional groups which interact with metals to generate MOFs.

2.2. Methods for MOF Synthesis

The synthetic routes available for MOFs are numerous and diverse, representing an
additional factor to be considered when designing and tuning their physicochemical properties.
The most commonly employed approaches are outlined below.

Solvothermal synthesis: This technique offers a versatile approach of MOFs synthesis,
providing control over crystal morphology. In this method, the metal salt and organic linkers are
dissolved in organic solvents under elevated temperature and pressure conditions, this method
allows control the pore size and the formation of highly crystalline structures. However, the high
costs and specialized equipment limit its scalability for industrial.'*®

Hydrothermal synthesis: This technique for the preparation of MOFs, uses an aqueous
medium in under elevated temperature and pressure conditions. This method offers versatility in
MOF synthesis and benefits from the low cost and non-toxicity of solvent, it also suffers from
limitations in the solubility of organic compounds and slow crystallization kinetics, which can
prolong reaction times.'?’

Microwave-assisted synthesis: This method employs microwave radiation to heat solvent
with metal precursors and organic linkers, producing a rapid increase in temperature and
homogeneous reaction conditions. This method reduces reaction times and energy consumption
compared to solvothermal and hydrotermal methods. However, the difficult to scaling up
reactions and the formation of undesired products limit the use of this technique for MOF
synthesis.!?®

Electrochemical deposition: This case involves immersing a conductive substrate in a
solution containing the metal node and organic linker. The application of an appropriate electrical
potential provokes the reduction of metal ions on the substrate surface and then react with the
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ligands to form the MOF film. This method allows the control of the crystal orientation by the
control of deposition conditions.'?’

Chemical Vapor Deposition (CVD): This technique involves the deposition of a solid film
onto a substrate from the reaction of vapor-phase chemical precursors. In this method, the
substrate is placed in a reaction chamber, and then metal and organic linkers are introduced in
vapor form. These precursors react on the substrate surface, forming the MOF film. This method
offers advantages such as precise control over film thickness, high purity, and large-area
deposition. However, the technique also requires specialized equipment and the reaction
conditions, as temperature and pressure are difficult to optimize.'*°

Heteroepitaxy: This method is a crystal growth process in which a layer of MOF is
deposited onto a substrate of different crystalline composition. This way, it allows the fabrication
of MOF films with specific crystalline orientations, which can influence the properties of the
material and enables the functionalization of substrate surfaces with MOF properties. However,
the selection of substrate can be difficult due to the requirement of a good match between MOF
structures and the limited availability of suitable substrates.'*!

These synthetic strategies offer control over bulk MOF properties, but the development
of thin-film MOF architectures, such as SURMOFs, has emerged as a crucial step for integrating
these materials into advanced technologies.

2.3. Surface-Mounted MOF (SURMOYF)

In conventional MOF synthesis, appropriate reaction conditions typically yield crystalline
powders characterized by excellent structural and functional properties.'*> However, to enable the
integration of these materials into more advanced technological applications, it becomes
imperative to develop homogeneous and well-oriented thin-film coatings.'** Powdered MOFs
present inherent limitations, notably due to their lack of long-range crystal orientation and poor
adhesion to substrates. Furthermore, the inherent surface roughness of deposited MOF powders
compromises their optical clarity, which restricts their application in devices where transparency
is essential, such as in optoelectronics devices.!**

In response to these challenges, significant attention has been directed toward the
development of methods for the controlled deposition of MOF films, giving rise to the concept of
“Surface-mounted Metal-Organic-Frameworks” (SURMOFs) (Figure 20.i).%>13¢ These
materials are specifically engineered to overcome the drawbacks associated with powder-based
coatings, offering the possibility to fabricate homogeneous, crystalline thin films with tunable
optical and electronic properties.
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Two primary strategies have been established for the synthesis of SURMOFs: the top-
down and bottom-up approaches (Figure 20.ii)."*” Top-down methodologies involves the
immobilization of pre-formed MOF crystals onto solid substrates'* via techniques such as dip
coating, spray coating, drop casting, or the Langmuir-Blodgett method.!®®!3* While these
techniques are relatively straightforward to implement, the resulting films often exhibit
suboptimal characteristics. This is primarily due to the weak physisorption interactions between
the MOF particles and the substrate,'** which leads to poor adhesion, low surface coverage, and
significant roughness, factors that severely limit their technological applicability.

In contrast, bottom-up approaches enable the direct formation of MOFs on the substrate
from molecular precursors, facilitating improved control over film quality and structure.'*' This
strategy allows for superior substrate adhesion, enhanced control of crystal orientation, and
reduced surface roughness, thereby producing films better suited for advanced applications.
Common bottom-up techniques include direct solvothermal growth,!® electrochemical
deposition,'** and liquid-phase epitaxy layer-by-layer (LPE-LbL).'*

i) ii)
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Figure 20. j) Scheme of SURMOF. ii) Scheme of the bottom-up and top-down patterning approaches.

Following the discussion on synthetic strategies for the fabrication of SURMOFs, it is
essential to consider two fundamental parameters that govern the successful growth of these
structures: the deposition technique employed and the careful selection and preparation of the
substrate.'**!%* Among these, substrate functionalization plays a critical role, as it not only ensures
strong interactions between the substrate surface and the structural building units of the MOF,'#°
but also promotes the oriented and uniform growth of crystalline layers an essential feature for
enabling their integration into advanced functional devices.'™

SURMOFs can be grown on a wide variety of substrates, ranging from rigid to flexible
materials.'*® Planar substrates such TiO», fluorine-doped tin oxide (FTO), quartz, SiO», and Au
have been widely used due to their stability and compatibility with various deposition
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techniques.'*'*® Additionally, flexible substrates, including aluminium foil, plastic fibres,
polymer films, and metal oxides, have been employed to explore the mechanical versatility of
MOF films. 4146

Among the various strategies available for achieving uniform and oriented SURMOF
growth, the layer-by-layer liquid-phase epitaxy (LPE) method has emerged as a particularly
effective approach.'*15° This technique enables the fabrication of highly crystalline films with
precise control over thickness and orientation.

2.4. Layer-by-Layer Deposition Techniques for SURMOFs

Another critical step in the fabrication of SURMOFs involves the choice of an appropriate
coating technique. Several liquid-phase epitaxy (LPE) based methods have been developed to
produce high-quality, defect-free SURMOFs with controlled thickness, crystal orientation, and
surface morphology. These approaches enable the fabrication of monolithic films with minimal
porosity and cracking, key attributes for their integration into high performance devices. Among
the most widely explored LPE methods are spray coating,'*! robotic dipping,'?” automated pump
systems,'>? quartz crystal microbalance (QCM) method,'>* and spin coating.!>*

The spin coating method is a versatile and rapid method for depositing oriented or
polycrystalline MOF thin films (Figure 21).!* It offers numerous advantages, including high
throughput, short reaction times for thin film preparation, low solvent and reagent consumption
relative to other LPE variants.'” The thickness of SURMOFs can be controlled by adjusting the
number of deposition cycles. This method can be automated, for example, using a spin coating
system equipped with four micro-syringes. Two of these syringes contain solutions of metal
precursors and linkers, while the other two contain pure solvent to remove uncoordinated metal
precursors and byproducts. During the process, metal precursor and linker solutions are deposited
onto the substrate at controlled time intervals, followed by spin coating at specific speeds.
Deposition steps are separated by rinsing with pure solvent to ensure coating uniformity.'>> The
centrifugal forces generated during rotation allow the droplets to spread homogeneously across
the substrate, resulting in high-quality thin films.
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Figure 21. Schematic representation of spin coating.

The spin coating technique was employed for the synthesis of HKUST-1, zeolitic
imidazolate frameworks (ZIF-8), Cu,-(bdc),XH>O (bdc=benzene-1,4-dicarboxylic acid) where
parameters, such as solvent volume, number of cycles, and spin coating speed, could be optimized
to control the final film thickness.!*?

2.5. Characterization methods

Surface characterization techniques play a fundamental role in elucidating the structural
features of MOFs and SURMOFs. In this thesis, X-ray diffraction (XRD), fourier-transform
infrared reflection absorption spectroscopy (FT-IRRAS), and ultraviolet-visible spectroscopy
(UV-Vis) were employed.

XRD has been employed for the analysis of crystalline materials since 1912. This
technique is widely used to characterize materials by providing detailed insights into the atomic
arrangement of crystalline substances, including salts, metals, minerals, semiconductors, and a
wide array of inorganic, organic, and biological molecules.'*® Furthermore, XRD is particularly
suitable for the investigation of crystalline thin films by analysing the relative angles and
intensities of the diffracted X-ray peaks.

In addition to structural identification, XRD can be employed to evaluate host guest
interactions within MOF structures by comparing diffraction patterns before and after guest
molecule incorporation. Variations in diffraction peaks can reveal structural changes, thereby
allowing a qualitative estimation of guest molecule localization within the framework.

XRD operates on the principle that atoms in a crystalline material diffract incident X-rays
in specific directions. When X-rays of a given wavelength (1) strike a crystal at an angle (9),
diffraction occurs according to “Bragg’s Law”, which relates the interplanar spacing (d) of the
crystal lattice to the diffraction angle:

2d.Sin6 = A

Equation 1. A= wavelength; 8 = crystal incidence angle, d =interplanar spacing.
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The resulting diffraction pattern is recorded as a series of peaks whose positions and
intensities depend on the crystal structure. In powder XRD, the random orientation of the
crystallites within the sample allows for the collection of complete diffraction data (Figure 22).

Incident X-rays
A
|
-—@ o —0—

Figure 22. Depicting X-ray diffraction in a crystal based on “Bragg’s law”.

Diffracted X-rays

The IRRAS is another surface sensitive technique used to probe the molecular structure
and bonding environment of materials by exciting vibrational modes through the absorption of
infrared (IR) photons. This technique is particularly useful for identifying the presence of specific
functional groups based on their characteristic absorption bands. For instance, in the context of
this work, symmetric and asymmetric stretching vibrations of carboxylate groups commonly
found in MOF linkers typically produce well-defined absorption peaks around 1400 and 1600

cm™! 157,158

The most widely adopted approach for recording IR spectra today is Fourier Transform
Infrared Spectroscopy (FTIR), which offers several advantages over traditional dispersive
methods.!>*!%° These include enhanced spectral resolution, improved signal to noise ratio, and
significantly faster acquisition times. The core component of an FTIR system is the Michelson
interferometer (Figure 23), which splits a broad IR beam into two optical paths and recombines
them to generate constructive and destructive interference. This interference pattern, known as an
interferogram, passes through the sample, where specific wavelengths are absorbed by the
material. The resulting signal is then transformed via a Fourier transform to produce the final IR
spectrum, which reveals the absorption characteristics of the sample.

157 K. Saito, T. Xu, H. Ishikita, J. Phys. Chem. B 2022, 126, 4999-5006.

158, Fleming, D. Williams, Spectroscopic Methods in Organic Chemistry, 2019.

159 1. Hasegawa, Quantitative Infrared Spectroscopy for Understanding of a Condensed Matter, 2017.
160 v w. Parson, Modern Optical Spectroscopy, 2009.
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Figure 23. Representation of a Michelson interferometer, where an incoming IR beam is split into two paths: one
with a fixed optical length(x;) and another with a variable path controlled by a movable mirror (x;). The recombined
beams interfere constructively or destructively depending on the phase shift introduced by the mirror displacement.

In IRRAS, the IR beam is directed at the sample surface at a grazing incidence angle.
This configuration maximizes the interaction between the incoming radiation and the thin film,
thereby enhancing the sensitivity of the measurement to surface-bound species and molecular
vibrations within the uppermost layers.

The final technique employed in this study for the characterization of SURMOFs is UV-
Vis, one of the most widely used analytical methods for obtaining absorbance or reflectance
spectra of materials within the UV-Vis spectral range. While this technique is commonly applied
to liquid samples, it is also suitable for analysing gases and even solid materials.

UV-Vis spectroscopy is based on the electronic transitions that occur when molecules
absorb radiant energy. This energy promotes electrons from the ground state to an excited state,
typically involving transitions from the orbital HOMO to the orbital LUMO. The excited species
formed as a result is commonly referred to as an antibonding or excited state.

A standard UV-Vis spectrophotometer setup is illustrated in Figure 24. In a typical
double beam configuration, the incoming light is split into two separate beams before reaching
the sample. One of the beams serves as a reference, representing 100% transmission (or 0%
absorbance), while the other passes through the sample. The detector compares the intensity of
both beams, allowing for the calculation of absorbance and the generation of a UV-Vis spectrum.

This method offers a rapid and non-destructive means of probing the optical properties of
materials and, when combined with the other surface characterization techniques, provides
essential insight into the structural features of SURMOFs.
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Figure 24. Representation of UV-Vis spectrophotometer, showing the main components of the system: tungsten
lamps, monochromator, sample and reference cells, detector, and signal processor.
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BACKGROUND: SILICON PHTHALOCYANINES

1. Silicon Phthalocyanines

Silicon phthalocyanines, as previously mentioned, have demonstrated remarkable
versatility across various applications. A study conducted by our research group focused on a
silicon phthalocyanine axially functionalized with 4-hydroxy-4-nitroazobenzene groups (Figure
25).!! This compound represented the first reported silicon-azobenzene conjugate and was
significant due to its ability to be modulated by light, stemming from the interaction between the
azo group and the phthalocyanine core.

In this system, fluorescence emission is governed by the isomerization state of the azo
group. Upon irradiation in the m-n* (300-420 nm) or n-* (450-500 nm) regions, a decrease in the
B band was observed, accompanied by an increase in the 400-500 nm region, while the Q band
remained unchanged. These spectral changes indicate an £ to Z isomerization, directly influencing
the compound's optical properties. Moreover, in the Z isomerized state, fluorescence was reduced
but could be restored upon reversing the isomerization. This reversible and photomodulable
behaviour remained stable over multiple cycles, highlighting the robustness of the photoinduced

@:/ A

SNE

Figure 25. Structure of SiPc-(OArAzoNO,),

m,

) Ny,

Another relevant example of axial substitution in SiPcs from the research group of Dr.
Angela Sastre-Santos involves the investigation of the influence of donor-acceptor distance in
multicomponent systems based on silicon phthalocyanines axially functionalized with Cgo
fullerene units. '

In this study, two novel dyads, Ce-SiPc-Cso 1 and 2, were synthesized and fully
characterized. These dyads differ in the length of the spacer connecting the SiPc core to the
fullerenes: dyad 1 incorporates a phenylene spacer, whereas dyad 2 features a long biphenylene
linker, increasing the donor-acceptor distance by approximately 4.3 A (Figure 26).

Photophysical studies revealed a clear dependence between the structural distance and the
efficiency of the photoinduced electron transfer process. Dyad 1 exhibited a charge separation
rate constant (kes) of 2.7 x 10° s significantly higher than that of dyad 2, which was determined
to be 9.1 x 10® s This difference confirms that increasing the donor-acceptor distance slows
down the charge separation process.

These findings highlight the critical role of molecular design in donor-acceptor systems,
demonstrating that even small structural modifications can have a pronounced impact on the rate
and efficiency of electron transfer.

81 L. Rodriguez-Redondo, A. Sastre-Santos, F. Fernandez-Lazaro, D. Soares, G. C. Azzellini, B. Elliott, L.
Echegoyen, Chem. Commun. 2006, 1265.

162 L. Martin-Gomis, S. Seetharaman, D. Herrero, P. A. Karr, F. Fernandez-Lazaro, F. D'Souza, A. Sastre-Santos,
ChemPhysChem 2020, 21, 2254-2262.
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Figure 26. Structure of Cep-SiPc-Ceo.

Another significant contribution from the research group of Dr. Angela Sastre-Santos in
the field of axially functionalized SiPcs is the synthesis and characterization of three
bisperylenediimide-SiPc triads [(PDI),-SiPc 1, 2, and 3], in which perylenediimide (PDI)
fragments are connected to the SiPc core via rigid or flexible linkers.'®® (Figure 27).

Notably, triad 3 was prepared using a novel synthetic strategy based on click chemistry,
affording the target compound in a remarkable yield of 80 %. In triad 1, the PDI and SiPc units
are connected orthogonally through a rigid spacer, whereas triads 2 and 3 feature aliphatic flexible
linkers, leading to inclined (2) or nearly parallel (3) arrangements between donor and acceptor
units.

Photophysical analysis revealed the occurrence of intramolecular photoinduced electron
transfer processes, which were investigated and compared with reference compounds by means
of time resolved emission and transient absorption spectroscopy. Charge separated (CS) states
were observed in all three triads, with lifetimes of 0.9, 1.3, and 2.0 ns for triads 1, 2, and 3,
respectively, as determined by femtosecond laser flash photolysis.

A particularly relevant finding was the effect of Mg(ClO4),, which significantly increased
the lifetime of the CS states to 59 us (1), 110 us (2), and 200 us (3). This enhancement is attributed
to a reduction in the CS state energy (SiPc*-PDI/Mg?"), which falls below the energy of the
individual triplet excited states (*SiPc*-PDI and SiPc®PDI*), thus decoupling the charge
recombination process and prolonging charge separation.

These results highlight the crucial role of spacer rigidity and donor-acceptor orientation
in modulating the efficiency of photoinduced electron transfer events.

163 F. J.Céspedes-Guirao, L. Martin-Gomis, K. Ohkubo, S. Fukuzumi, F. Fernandez-Lazaro, A. Sastre-Santos, Chem.
Eur. J. 2011, 17, 9153-9163.
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Figure 27. Structure of triad PDI-SiPc- PDI 1.

Beyond axial functionalization, another pivotal strategy in SiPc synthesis has been the
incorporation of distinct groups as pyridine at the periphery. This structural modification followed
by their methylation, has significantly improved water solubility and enhanced antimicrobial
activity, thereby broadening the scope of SiPc applications in biomedicine and antimicrobial
surface treatments (Figure 28).!%* In this research, toxicity studies conducted in the absence of
light demonstrated that this SiPc exhibited no cytotoxic effects up to a 75% cell concentration,
supporting its potential biocompatibility for therapeutic applications. Although in vitro limited
cellular absorption, experimental data nonetheless showed that this SiPc effectively induced
complete inactivation of Candida albicans when applied at low concentrations under low-
intensity light irradiation.

These findings suggest that, despite its limited cellular absorption, the high-water
solubility of this SiPc ensures efficient circulation in aqueous media, facilitating its interaction
with microbial cells and significantly enhancing its antimicrobial efficacy.
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Figure 28. Structure of (Py*0)4+SiPc-(OH),.

In line with these advances, Torres and co-workers synthesized a series of silicon
phthalocyanines bearing pyridinium groups at the periphery and bulky axial substituents,
specifically designed to overcome the limitations of water solubility and aggregation.'®® These
derivatives, functionalized with eight N-methylpyridyloxy substituents and stabilized by sterically
demanding axial ligands, exhibited excellent solubility in aqueous media, high singlet oxygen
quantum yields, and negligible dark cytotoxicity. Importantly, they proved highly effective in the
photodynamic inactivation of Gram-positive bacteria such as Staphylococcus aureus and
methicillin-resistant Staphylococcus aureus, while showing more limited activity against

164 \/ Mantareva, I. Angelov, V. Kussovski, R. Dimitrov, L. Lapok, D. Wéhrle, Eur. J. Med. Chem. 2011, 46, 4430.

165 £ van de Winckel, B. David, M. M. Simoni, J. A. Gonzalez-Delgado, A. de la Escosura, A. Cunha, T. Torres, Dyes
Pigm. 2017, 145, 239.

38



BACKGROUND: SILICON PHTHALOCYANINES

Escherichia coli. These findings underscore the potential of cationic SiPcs as photosensitizers for
antimicrobial photodynamic therapy. The structure of hydroxy phthalocyanines is shown in

Figure 29.
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Figure 29. Structure of (Py*0)s-SiPc-(OH),.
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2. Phthalocyanines in MOFs

Beyond their diverse applications, phthalocyanines can be further functionalized and
incorporated into advanced materials such as Metal-Organic Frameworks (MOFs), expanding
their potential in optoelectronic and catalytic applications. MOFs represent a class of highly
crystalline and porous coordination materials characterized by their exceptionally large surface

areas. 66167

Within this framework, phthalocyanines have emerged as promising candidates for
integration into MOF architectures, not only due to their conjugated structure but also because of
their ability to form aggregated or crystalline arrangements. Their incorporation as organic linkers
allow for precise modulation of n-interactions (HOMO-LUMO), which modulate their optical
properties such as absorption, emission, and J-type aggregation.!'¢®

These features make the phthalocyanines an important element in the development of
advanced MOF-based materials with tunable electronic and optical properties,'® opening new
avenues for the design of functional materials for applications in organic photovoltaics,
photosensors, and other optoelectronic devices.

Despite their potential, the incorporation of phthalocyanines into MOFs remains
relatively underexplored, with only a few examples reported in the literature. In 2018, Pingwu
Du’s research group successfully utilized phthalocyanines as linkers in the synthesis of a two-
dimensional MOF.!” In this study, nickel phthalocyanines, functionalized at the periphery with
amino groups, were employed as bridging units, coordinating with nickel atoms that served as
structural nodes within the MOF. The phthalocyanine core not only acted as a structural
component but also functioned as a catalytic center for the oxygen evolution reaction due to its
capacity to generate reactive oxygen species (ROS). The results of this work demonstrated that
phthalocyanines can form crystalline MOF structures (Figure 30).

HoN  NH,
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Figure 30. Structure of NiPc

Further expanding on this concept, Nobuo Kimizuka’s research group developed another
two-dimensional MOF (Cu-CuPc), incorporating copper phthalocyanines functionalized with
hydroxyl groups at their periphery (Figure 31). This MOF was subsequently employed as a
cathode material in lithium-ion batteries, where it exhibited both efficient ion transport and

166 5. M. Yaghi, G. Li, H. Li, Nature 1995, 378, 703.

167 x. Zhang, Z. Chen, X. Liu, S. L. Hanna, X. Wang, R. Taheri-Ledari, A. Maleki, P. Li, O. K. Farha, Chem. Soc. Rev.
2020, 49, 7406.

168 .. Alfieri, L. Panzella, O. Crescenzi, A. Napolitano, M. d'Ischia, Eur. J. Org. Chem. 2021, 18, 2519-2532.
169 5. Shimizu, N. Kobayashi. Chem. Sci. Electron. Syst. 2015, 273-291.
70 4 Jia, Y. Yao, J. Zhao, Y. Gao, Z. Luo, P. Du, J. Mater. Chem. A 2018, 6, 1188-1195.
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enhanced durability.!”" The combination of redox activity and intrinsic conductivity highlights its
potential for energy storage applications, further illustrating the versatility of phthalocyanine-
based MOFs in advanced energy devices.
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Figure 31. Structure of CuPc.

One of the most recent studies in this field is the work conducted by the research groups
of Professors Christof Woll and Stefan Brise. This study reports, for the first time, an ABAB
linker based on zinc phthalocyanine (Zn-Pc), specifically designed to avoid statistical
condensation and to enable the controlled formation of ditopic linkers in MOFs. These linkers
were used for the layer-by-layer growth of SURMOFs, generating highly ordered structures
through zinc paddle-wheel nodes'” (Figure 32).

The structure of the resulting Zn-ZnPc SURMOF revealed a rare triclinic arrangement, in
contrast to the typical orthorhombic symmetry observed in MOFs constructed from ditopic
carboxylate linkers.!”” This deviation is attributed to the steric influence of
bis(trifluoromethyl)phenyl substituents, which induce a significant distortion in the
phthalocyanine core, resulting in a saddle-shaped conformation. The minimum spacing between
adjacent isoindole units was approximately 7.5 A, and short F-F intermolecular contacts (~2.7 A)
were observed, promoting a uniform tilt of the chromophores.

UV-Vis spectroscopic analysis revealed a pronounced bathochromic shift of up to 110
nm in the first absorption band, comparing the free Zn-Pc molecule in solution (747 nm) with its
distorted conformation within the SURMOF (861 nm).

Finally, the structure was validated by X-ray diffraction, showing close agreement
between experimental and theoretical data. For the (100) plane, the experimental 26 value was
2.67° (d-spacing = 33.05 A), compared to a calculated value of 2.69° (d-spacing 32.72 A).

This work highlights the potential of ABAB type phthalocyanine based SURMOFs for
applications in optoelectronics and sensing.

171 H. Nagatomi, N. Yanai, T. Yamada, K. Shiraishi, N. Kimizuka, Chem. Eur. J. 2018, 24, 1806—1810.

72 s, Langer, M. Stahlberger, X. Liu, Y. Luo, N. E. HauRermann, P. Singhvi, Y. Liu, O. Fuhr, M. Nieger, L. Heinke, T.
Heine, C. Woll, S. Brase, Adv. Funct. Mater. 2025, 34, 2401693

R Haldar, Z. Fu, R. Joseph, D. Herrero, L. Martin-Gomis, B. S. Richards, |. A. Howard, A. Sastre-Santos, C. W6ll,
Chem. Sci. 2020, 11, 7972-7978.
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Figure 32. Structure of ZnPc.

A particularly relevant precedent to this study is the synthesis of an axially functionalized
silicon phthalocyanine bearing two carboxylic acid groups, which served as a linker in the
fabrication of SURMOFs using Zn as the coordinating metal node (Figure 33). This research,
conducted by Professor Angela Sastre-Santos’ group in collaboration with Professor Woll’s
group, demonstrated the viability of integrating silicon phthalocyanines into MOF
architectures.''®

This phthalocyanine (SiPc-(CO;H);) was embedded within an optical microcavity,
giving rise to a novel porous electro-optical material capable of generating quantum
electrodynamical (QED) effects, a feature with significant implications for advanced materials
science. These QED effects arise when a light beam of a specific wavelength enters the
microcavity, inducing coupling between the electronic states of the SiPc molecules and the
intrinsic resonance modes of the cavity. This interaction leads to a splitting of the material’s
polarization levels (cavity + SURMOF). Furthermore, the porous nature of the system enables
selective absorption of guest molecules based on pore size, leading to measurable variations in
the splitting intensity. This phenomenon can be harnessed for the fabrication of ultrasensitive,
nano-structured optical sensors, with potential applications in high-precision detection
technologies.
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Chapter 1: Synthesis of Silicon Phthalocyanines with Donor and Acceptor
Substituents in the Peripheral Positions for the Generation of SURMOFs.

As mentioned in the introduction, the donor-acceptor properties of phthalocyanines can
be modulated by their peripheral substituents. Building on the background described earlier, our
research group, in collaboration with Prof. Christof Woll, successfully synthesised an axially
substituted silicon phthalocyanine for the development of a SURMOF.

Expanding on this successful collaboration, this study aims to design and synthesize six
new silicon phthalocyanines functionalized in the peripheral positions with electron-donating
groups, such as 2,6-dimethylphenoxy and p-methylthiophenoxy, as well as electron-accepting
groups, like 2,6-dichlorophenoxy, aiming to fine-tune their electronic properties.

Among these six phthalocyanines, two will incorporate biphenyl axial groups, allowing
for the design of SURMOFs with large structural units. Additionally, four reference
phthalocyanines functionalized with 4-methylbenzoyl groups in the axial position will be
synthesized for comparative characterization. By strategically designing these phthalocyanines,
this work aims to explore their potential in developing SURMOFs with tailored architectures and
tunable properties, such as charge and energy transfer. The target structures of these newly
designed phthalocyanines are depicted in Figure 34.

Following the synthesis and full characterization of these compounds, the next objective
will focus on integrating the most promising SiPcs into well-ordered SURMOF architectures.
This will enable a systematic evaluation of how their molecular design influences thin-film

formation.
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Figure 34. Target SiPcs with peripheral electron-donating and electron-acceptor groups.

Once the target molecules are synthesized, the fabrication and characterization of
SURMOFs based on the previously obtained SiPcs will be explored, taking advantage of their
structural versatility and photophysical properties. A primary objective will be the synthesis of
oriented thin films using the spin-coating technique method discussed in the introduction and
selected for its high deposition rate, film uniformity, and scalability (Figure 35). Deposition
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parameters such as spin speed, solution volume, and number of cycles will be systematically
optimized for each SiPc to ensure the controlled growth of homogeneous films with tunable

thickness.
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Figure 35. Schematic representation of SURMOF growth by spin coating.

Subsequently, the structural characterization of the resulting SURMOFs will be
performed. Building on the knowledge previously established by the research group of Prof.
Christof Woll, as described in the background section, the crystallinity and molecular
organization of the films will be assessed by XRD, confirming out-of-plane orientations.

To complement the structural analysis, comprehensive spectroscopic characterization
will be conducted. FT-IRRAS spectroscopy will confirm the coordination and assembly of the
metal-organic framework, while UV-Vis spectroscopy will reveal potential bathochromic shifts
in the Q band, indicative of J-type aggregation due to the ordered arrangement of SiPc
chromophores within the SURMOF matrix.

The insights gained from these donor-acceptor systems provided the basis for
investigating alternative linker designs, enabling the expansion of structural diversity in the
subsequent studies

Chapter 2: Synthesis of Silicon Phthalocyanines with Azo and Pyridine
Substituents in the Axial Positions for the Generation of SURMOYFs.

In parallel with the development of the first series of SURMOFs described in Chapter 1,
this part of the work focuses on designing silicon phthalocyanines with new functional groups to

explore alternative linker combinations and expand the range of structures and properties
achievable in SURMOFs.

Continuing from the background studies described, the synthesis of two silicon
phthalocyanines axially functionalized with (F)-4-[(4-hydroxyphenyl)diazinyl]benzoic acid
groups is proposed to introduce new functionalities and applications in SURMOF-based devices.
The inclusion of azo groups will enable the exploitation of their photoisomerization properties,
allowing the resulting materials to exhibit light-responsive behaviour. In addition, one of these
phthalocyanines will incorporate tert-butyl groups at the periphery, to enhance solubility during
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the SURMOF synthesis process. This design aims to develop smart, responsive systems. The
structures of these newly designed phthalocyanines are illustrated in Figure 36.

The next target phthalocyanine will incorporate a pyridine group at the axial positions.
This modification is based on the previously described SiPc-(CO:H),,!'® and the aim is to
investigate whether SURMOF formation is possible with this functional group. Additionally, the
study will assess whether this modification induces structural changes or variations in its
properties.
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Figure 36. Target SiPcs with complex axial groups.

Following the synthesis of the target molecules, the subsequent objective, consistent with
the approach established in Chapter 1, will be the fabrication of SURMOF thin films. The
structural order and crystallinity of the resulting materials will be assessed by XRD, while their
spectroscopic properties will be evaluated by FT-IRRAS and UV-Vis spectroscopy.

The results obtained from the azo- and pyridine-functionalized systems opened the
possibility of combining photochemical responsiveness and structural versatility with additional
functionalities.
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Chapter 3: Synthesis of Water Soluble Silicon Phthalocyanines for the Generation
of SURMOFs.

In parallel with the studies described in Chapters 1 and 2, this final objective explores
an alternative linker design aimed at combining water solubility, broadening the range of
applications for SURMOFs developed in this work.

The final objective will focus on the synthesis and characterization of two silicon
phthalocyanine mesylate salts, functionalized with biphenyl axial groups. As previously noted in
the background, peripheral modifications of pyridines with methylation of these groups increases
water solubility. Furthermore, the incorporation of axial substituents with carboxylic acid groups
will make them ideal candidates for the synthesis of SURMOFs that integrate these
functionalities. Additionally, one reference phthalocyanine functionalized with 4-methylbenzoyl
groups in the axial position will be synthesized for comparative characterization. The structures
of these phthalocyanines are depicted in Figure 37.

HO 0O
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(MePy*0),-SiPc-(0.C-Ar-COH); (CH;SO05)s. (14) (MePy*0),-SiPc-( 0,C-Ar-CHs); ((CH;SO3)s. (16)
O OH

(MePy"o),;-siPC-(OzC-ATz-COzH)z (CH;SO3‘)4. (1 5)

Figure 37. Target water soluble SiPcs.

Following the synthesis of the target molecules, the subsequent objective, consistent with
the approach established in Chapter 1, will be the fabrication of SURMOF thin films. The
structural order and crystallinity of the resulting materials will be assessed by XRD, while their
spectroscopic properties will be evaluated by FT-IRRAS and UV-Vis spectroscopy.
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CHAPTER 1: Synthesis of Silicon Phthalocyanines with Donor and Acceptor Substituents in the
Peripheral Positions for the Generation of SURMOFs

1.Results and Discussions

1.1.Silicon Phthalocyanines with Donor and Acceptor Substituents for SURMOFs.

A general synthetic procedure of the preparation of the different substituted SiPcs is
described in Scheme 1.

The first step involves the synthesis of the precursor molecules, the first of these being
phthalonitrile. Depending on the desired structure, 4-nitrophthalonitrile (R;=H; R»=NO) or 5,6-
dichlorophthalonitrile (R,=R;=Cl) is used, which determines the number (4 or 8) of peripheral
substituent groups. In the case of molecules with 8 peripheral substituents, lower yields are
observed probably due to increased steric hindrance. The reaction is carried out in the presence
of different substituted phenol or thiophenol reagents in an alkaline medium, where the
deprotonated nucleophilic groups substitute the chlorine or nitro groups through a nucleophilic
aromatic substitution, generating the desired functionalized phthalonitrile.

The next step is the ammoniation of the phthalonitriles to obtain diiminoisoindolines. This is
achieved by dissolving the precursor compound in methanol, adding sodium methoxide, and
exposing the mixture to a stream of gaseous ammonia. In this step, it was observed that the
electronegativity of the substituents and steric hindrance play a crucial role, with shorter reaction
times and higher yields for peripheral substituents that donate electrons. This is probably due to
the increased electronic density in the aromatic ring, which facilitates nitrile activation for
nucleophilic addition and subsequent cyclization. Additionally, substituents with lower steric
hindrance favour the reaction by allowing greater accessibility.

The synthesis of phthalocyanines begins with the formation of dichlorophthalocyanine
precursors through the cyclotetramerization of the corresponding diiminoisoindoline in the
presence of SiCly as a central agent. The reaction is carried out in quinoline under reflux. This
process must be protected from light to prevent the degradation of precursors.

Axial functionalization is achieved through nucleophilic substitution of the axial chlorine
atoms in dichlorophthalocyanine, using mostly as reagents formyl aryl carboxylic acids. This step
is carried out in a microwave reactor. Subsequently, the aldehyde groups are oxidized to
carboxylic acid with the objective to obtain ditopic phthalocyanines, suitable as ligands in the
formation of SURMOFs.

52



CHAPTER 1: Synthesis of Silicon Phthalocyanines with Donor and Acceptor Substituents in the
Peripheral Positions for the Generation of SURMOFs

Ar-XH
AD[CN K,COj3 Rj@[m CH30Na/NH;
é -
B CN  DMSOMA9) g, CN CHZOH/65 °C
RT
A=NO, B=H Ry = H, Ry = Ar-XH
A=B=Cl R, = Ry = Ar-XH
X=0,S
R c R
NH Rz V Rq HOOC{@]-CHO
R Sicl, NN N _
NH —_— N* sSi” N >
R Quinoline ,/N’::' _N= I.L, Toluene .
2 NH Reflux N M.W. 170W;160 °C
R1 H R» 1h
1h E <
R, Cl 1
HO_O

@] [Q],
R1 [eXe} R2
/ Naclo, 2 N/ Ri

H3NO3S N N

— N” _si” °N

THF/H,0 =NE _N=

24h A N

9 Rz 1 0.0 R2

R

[ ]n n= 1, 2 [ ]n

O0”“"H 0“7 "OH

Scheme 1. Synthetic route of SiPcs experimentally obtained.

1.1.1. Synthesis and Characterization of tetra 1,6-dimethylphenoxy SiPcs 1, S and
7.

For the synthesis of the target molecules, it was first necessary to obtain the
phthalocyanine  precursor molecules (Scheme 2). The synthesis of 4-(2,6-
dimethylphenoxy)phthalonitrile (17) was based on methodologies previously reported'’ and was
obtained with a yield of 73%. On the other hand, the synthesis of 5-(2,6-dimethylphenoxy)-1,3-
diiminoisoindoline (18) was carried out by ammoniation following analogous reactions described
for structurally similar compounds in Scheme 1 in section 1.1. with a yield of 56%. The
characterization of these newly synthesized compounds by 'H-NMR is presented in Annex 1.

74 1. Kudo, M. Kimura,K. Hanabusa, H. Shiral T.Sakaguchi, J. Porphyr. Phthalocyanines,1999,3, 65-69.
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Scheme 2. Synthesis of 4-(2,6-dimethylphenoxy)phthalonitrile (17),'™ 5-(2,6-dimethylphenoxy)-1,3-diiminoisoindoline
(18) and (ArQ),-SiPcCl, (19).

Once the diiminoisoindoline was synthesized, the preparation of (ArO)4-SiPcCl, (19) was
carried out by cyclotetramerization using the method generally described previously in section
1.1. and with a yield of 99%. The characterization of this phthalocyanine was performed by UV-
Vis spectroscopy presented in Annex 1.

Starting from the synthesized dichlorophthalocyanine 19, axial substitution was carried
out to obtain the different target compounds, following the strategy described in Scheme 3. This
procedure involved the reaction of (ArO)s-SiPcCl, (19) with the selected nucleophiles, optimizing
the reaction conditions to maximize yields and process selectivity.

The synthesis of (ArO)s-SiPc-(0O2C-Ar-CHO), (21), (ArO)s-SiPc-(0,C-Ar,-CHO): (22),
and (ArO)4-SiPc-(0,C-Ar-CHj3), (7) was performed by nucleophilic substitution of the chlorine
atoms located at the axial positions of (ArO)s-SiPcCl, (19). For the synthesis of phthalocyanine
21, 4-formylbenzoic acid was employed as the nucleophile, for the phthalocyanine 22, 4'-formyl-
[1,1'-biphenyl]-4-carboxylic acid (20)'°® was used, while the preparation of phthalocyanine 7
required 4-methylbenzoic acid.

Microwave irradiation was employed as an alternative to conventional heating methods
for the synthesis. This choice was motivated by several factors, as it allows the reactions to be
carried out in a closed system, preventing light-induced degradation of the starting
dichlorophthalocyanine. Additionally, microwave reactions offer shorter reaction times, reduced
solvent usage, and acceptable yields.

Various reaction conditions were explored for the synthesis of the compounds. Initially,
phthalocyanine 21 was synthesized using 6 mL of toluene, 200 W, and 200 °C. However, it was
observed that toluene had difficulty to reach the target temperature, resulting in a 66% yield. To
address this, the solvent volume was reduced to 3 mL for the synthesis of phthalocyanine 7,
without any further modification. This modification facilitated reaching the target temperature
and led to an improved yield of 73%. Finally, phthalocyanine 22 was synthesized using a
previously synthesized ionic liquid (I.L) (1,1'-methylenebis(3-methylimidazolium iodide))!”>. In
this case, the temperature and power had to be reduced to 160 °C and 170 W, respectively, to
prevent decomposition of the compound, 76% yield was obtained. All compounds were

175 ¢. M. Jin, B. Twamley, J.M Shreeve, Organometaliics, 2005, 24, 3020-3023.
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characterized by 'H-NMR, MALDI-TOF mass spectrometry and UV-Vis spectroscopy (Annex
1).

The synthesis of (ArO)s-SiPc-(O2C-Ar-CO:H); (1), and (ArO)s-SiPc-(0,C-Ar-CO>H),
(5) started with the precursor phthalocyanines (21) and (22). An oxidation of the aldehyde groups
was carried out using HsNSO; and NaClO; in a H,O: THF solution. The reaction was maintained
for 24 hours and protected from light to prevent degradation. Resulting product was a blue-green
solid with yields of 70% and 75%, respectively.

o
H 0
H 0
oo
¢ chs oHsC@ ¢ chs H3C
H3C //O CH, HsC O
07 oH N, N/ N
R H3NSOj, NaClo, R
NT U si” 4

M.W:200 °C; 200W;1h THE/H,0
Toluene HsC 24h

o 9
Q oy HSCQ O e f HoSX

Q
66%
@ .
- N/ N

N S EEEE——
M.W:160 °C; 170W;1h > ;‘% THF/H,0
d =N 7\
// / CH3 Toluene HaG o~ i =% CHs 24n
H3C —é é :CH3 oo HC C

Qu,

CHs

CHj;

CHj

$ RS

N

M.W:200 °C; 200W;1h &
/ R
Toluene , /’ \
CHs HiC C

6
7
73%

CH,

Scheme 3. Synthesis of (Ar0)sSiPc-(0;C-Ar-CHO); (21), (Ar0).4-SiPc-(02C-Ar,-CHO); (22), (Ar0)4-SiPc-(0,C-Ar-
CO,H); (1), (Ar0)sSiPc~(0.C-Ar,-COH), (5) and (Ar0)s-SiPc-( O.C-Ar-CHs); (7).

The "H-NMR spectra were compared with the reference molecule 7 (Figure 1). The 'H-
NMR spectrum of reference compound 7, including signal integration, is also provided in Annex
1. Furthermore, the identity of the molecule was confirmed by, MALDI-TOF mass spectrometry,
and UV-Vis spectroscopy (Annex 1).
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Figure 1. "H-NMR Spectra of A) (ArO),-SiPc-( O,C-Ar-CHj); (7), B) (ArO),-SiPc-(0,C-Ar-CO,H), (1) and C) (ArO)4+
SiPc-(0,C-Ar,-CO,H), (5) in CDClj3,

The '"H-NMR spectrum of the reference molecule A) (ArO)s-SiPc-( O2C-Ar-CHs), (7)
in CDCl;, as it serves as a basis for comparison in the characterization of the other compounds.

In phthalocyanine 7, the A, B, and C signals, corresponding to the hydrogens of the
phthalocyanine core, appear as three multiplets, A at 9.56-9.37 (4H) ppm, B at 8.82-8.61 ppm
(4H) and C at 7.91-7.68 ppm (4H). The aromatic protons D and E are detected as a multiplet
between 7.37-7.29 ppm (12H). The axial substituents G and F appear as two doublets at 6.06 ppm
(4H) and 5.05 ppm (4H), respectively. The signal corresponding to the axial methyl groups L is
observed as a singlet at 1.72 ppm (6H); and finally, the signal for protons I appears as a multiplet
between 2.45-2.31 ppm (24H).

These same signals can be observed for the target compounds B) (ArO)s-SiPc-(0,C-Ar-
COzH); (1), and C) (ArO)s-SiPc-(O,C-Ar-CO>H); (5). Due to the different axial groups present
in these molecules, slight variations are observed in their spectra. In the case of (ArO)s-SiPc-
(02C-Ar-COzH), (1) (Figure 1.B), a shift in the axial signals is observed due to the presence of
the carboxylic acid group, where G and F appear shifted to lower fields compared to the reference
molecule, appearing at 6.61 ppm (4H) and 5.19 (4H) ppm.

Similarly, in the case of (ArO)4-SiPc-(0,C-Ar,-CO,H), (5) (Figure 1.C), the presence of
a double aromatic ring results in the appearance of four doublets instead of two, as seen in the
previous compounds. In this case, the newly observed signals, J and K, appear at lower fields
compared to the other axial substituents. This phenomenon is attributed to two factors: the
increased distance from the phthalocyanine core, which reduces the shielding effect of the =-
electron system, causing a downfield shift, and the presence of the carboxylic acid group, which,
as in previous cases, influences to the deshielding effect. Consequently, the K signal appears at
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7.87 ppm (4H), while the J signal is observed at 7.04 ppm (4H). For the axial substituents, signals
G and F appear at 6.52 ppm (4H) and 5.35 ppm (4H), respectively.

As expected, the L signal is absent in these compounds due to the replacement of the axial
methyl group with a carboxylic acid group.

1.1.2. Synthesis and Characterization of tetra 2,6-diclorophenoxy SiPcs 2, 6 and 8.

For the synthesis of the target molecules, it was first necessary to obtain the
phthalocyanine precursors (Scheme 4). Although no specific references are available for these
compounds, their structural similarity to other known precursors allows us to follow the procedure
outlined in Scheme 1 of section 1.1.

The synthesis of 4-(2,6-dichlorophenoxy)phthalonitrile (23) was carried out via a
nucleophilic aromatic substitution reaction, yielding in 70%. While 5-(2,6-dimethylphenoxy)-
1,3-diiminoisoindoline (24) was obtained through an ammoniation reaction with an isolated yield
of 83%. When compared to its analogue, this showed a higher yield, which may be attributed to
the presence of chlorine atoms, which act as electron-withdrawing groups, enhancing the
nucleophilicity of the molecule and facilitating the ammoniation process. Both compounds were
characterized by 'H NMR spectroscopy, as detailed in Annex 1.
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Scheme 4. Synthesis of 4-(2,6-dichlorophenoxy)phthalonitrile (23), 5-(2,6-dichlorophenoxy)-diiminoisoindoline (24) and
(Cl,ArO)4SiPcCl; (25).

Once the diiminoisoindoline was obtained, the synthesis of (Cl,ArO)s-SiPcCl, (25) was
carried out by cyclotetramerization using the previously described method in Scheme 1 of section
1.1 and yielding 99%. The characterization of this phthalocyanine was performed using UV-Vis
spectroscopy, showed in Annex 1.

For the synthesis of (Cl,ArO)s-SiPc-(O2C-Ar-COzH), (2), (Cl2ArO)4-SiPc-(0,C-Ar-
CO;zH): (6), and (Cl,Ar0)4-SiPc-( O>C-Ar-CHs), (8) (Scheme 5) was carried out following the
methodology described in section 1.1, to using the same axial substituents as their analogues in
this section.

Based on the results previously obtained in MW synthesis, the reaction conditions that
yielded the highest efficiency were selected (as described in section 1.1.1). Consequently, all
reactions were performed at 160 °C and 170 W for one hour. Toluene was used as the solvent,
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and an ionic liquid (1,1'-methylenebis-(3-methylimidazolium) iodide)'”® was added to facilitate
an increase in the solvent temperature.

Since the oxidation step used to obtain the final molecules showed very similar yields,
we focused our comparison on the axial substitution reactions, where greater variability was
observed. A possible explanation for the lower yields may lie in the incorporation of chlorine
substituents, which introduce an electron-withdrawing character and could reduce the efficiency
of axial coordination, as observed when compared to their analogues in section 1.1.1. The
reference phthalocyanine 8 exhibited the highest yield, of 64%, in the case of phthalocyanine 26,
a yield of 46% was obtained, which was higher than that of phthalocyanine 27 which had a yield
of 23%. This difference is probably attributed to the greater steric hindrance of the introduced
axial substituent, significantly reducing the reaction yield.

All compounds were characterized by '-H-NMR, MALDI-TOF mass spectrometry, and
UV-Vis spectroscopy (Annex 1). The 'H-NMR spectrum of reference compound 8, including
signal integration, is also provided in Annex 1.
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Scheme 5. Synthesis of (Cl,ArO)4SiPc-(0,C-Ar-CHO); (26), (CI,ArQ)4+SiPc-(0O:C-Ar,-CHO); (27), (Cl,ArO)+SiPc-
(OzC-Af'—COzH)z (2), (ClefO)4-SiPC-(OzC-Arz-COQH)z (6) and (CIQAfO)4-SiPC-( OzC-Af'z-CH:g)z (8)

Due to the structural similarity with the molecules in section 1.1.1 and the difficulty of
characterization, comparisons will be made with these and with the reference molecule (CLLArO)s-

SiPc-(0,C-Ar-CHs) (8) (Figure 2).
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Figure 2. "H-NMR Spectra of A) (Cl,ArO),-SiPc-( O,C-Ar-CHs) (8), B) (Cl.ArO)+-SiPc-(0,C-Ar-CO,H), (2) and C)
(CIQAfo)4-SiPC-(OgC-Afz-COzH)Q (6) in CDCIg

The reference molecule (Cl,ArO)s-SiPc-(O.C-Ar-CHs), (8) (Figure 2.A) bearing
chlorine atoms in the aryl substituents attached to the peripheral positions of the phthalocyanine
ring, exhibits proton signals for the phthalocyanine macrocycle and its substituents that are
noticeably shifted compared to those described in section 1.1.1. In this case, for phthalocyanine
8, signals A, B, and C, corresponding to the protons of the phthalocyanine ring, appear as three
shifted multiplets: A between 9.63-9.45 ppm (4H), B between 8.91-8.79 ppm (4H), and C
between 7.97-7.80 ppm (4H). The aromatic protons D and E appear as two doublets, with signal
D between 7.67-7.58 ppm (8H), and signal E between 7.43-7.31 ppm (4H). Signals G and F,
corresponding to the axial substituents, appear as two doublets at 6.06 ppm (4H) and 5.02 ppm
(4H), respectively. Finally, signal L, corresponding to the methyl groups at the axial position,
appears as a singlet at 1.72 ppm (6H). As shown in Figure 2, these same signals can be observed
for the target molecules (CL,ArO)s-SiPc-(O.C-Ar-CO:H); (2) (Figure 2.B), and (CloArO)4-SiPc-
(02C-Ar-CO,H); (6) (Figure 2.C). As in section 1.1.1, the different axial groups present in these
molecules result in slight variations in their spectra. In the case of SiPc 2, a shift in the axial
signals is observed due to the presence of the carboxylic acid group, where G and F appear shifted
downfield compared to the reference molecule, at 6.91 ppm (4H) and 5.17 ppm (4H), respectively.

Similarly, in the case of SiPc 6, the presence of a double aromatic ring results in the
appearance of four doublets instead of two. In this case, the J and K signals appear at lower fields
compared to the other axial substituents. This phenomenon is explained in section 1.1.1, where
the K signal appears at 7.80 ppm (4H), while the J signal is observed at 7.05 ppm (4H). For the
axial substituents, signals G and F appear at 6.53 ppm (4H), and 5.23 ppm (4H), respectively.
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1.1.3. Synthesis and Characterization of tetra p-methylthiophenoxy SiPcs 3 and 9.

The synthesis of the target molecules and the phthalocyanine precursors (Scheme 6)
followed the synthetic route outlined in Scheme 1 of section 1.1. These molecules led to the
publication of a scientific paper,'’® where this synthesis is explained in greater detail (Annex 2).
The precursor molecules obtained were 4-(p-tolylthio)phthalonitrile (28) yielding 79% and 5-(p-
tolylthio)isoindoline-1,3-diimine (29), yielding 96%. Both compounds were characterized by 'H-
NMR, as shown in Annex 1.
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Scheme 6. Synthesis of 4-(p-tolylthio)phthalonitrile (28) and 5-(p-tolylthio)isoindoline-1,3-diimine (29) and (ArS)4
SiPcCl, (30).

Once the diiminoisoindoline was obtained, the synthesis of (ArS)s-SiPcCl, (30) was
carried out following the previously described methodology in Scheme 1 of section 1.1. The
characterization of this phthalocyanine was performed using UV-Vis spectroscopy, as shown in
Annex 1.

For the synthesis of the target compound, several modifications were made to optimize
the reaction and obtain the desired product (Scheme 7). Instead of performing a nucleophilic
substitution of the axial -Cl groups with an aldehyde precursor followed by oxidation, a direct
nucleophilic substitution with terephthalic acid was chosen. This decision was made because,
following the general synthetic method outlined in the Scheme 1, the peripheral p-
methylthiophenoxy groups underwent uncontrolled oxidation, leading to undesired modifications
and preventing the successful synthesis of (ArS)s-SiPc-(0.C-Ar-CO:H); (3).

Due to this modification, the purification process was also adjusted. Instead of using a
normal phase chromatography column, size exclusion chromatography was employed. This
change was necessary because the carboxylic acid groups tended to be retained by the silica,
degrading the target phthalocyanine and resulting in a mixture of compounds with 0, 1, or 2 axial
substituents, which were difficult to purify. In contrast, separation based on molecular weight
allowed for the successful isolation of the desired compounds.

Finally, as a result of these modifications, the target compound (ArS)s-SiPc-(O>C-Ar-
CO;H); (3) was obtained with a yield of 26%, while the reference molecule (ArS)s-SiPc-( O,C-
Ar-CH3), (9) achieved a yield of 50%.

176y, Sobrino-Bastan, L. Martin-Gomis, A. Sastre-Santos, J. Porphyrins Phthalocyanines, 2023, 27, 331-339.
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All compounds were characterized by '-H-NMR, MALDI-TOF mass spectrometry, and

UV-Vis spectroscopy (Annex 1).
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Scheme 7. Synthesis of (ArS)sSiPc-(0,C-Ar-CO.H); (3) and (ArS)4-SiPc-( 0;C-Ar-CHs)z (9).

In this case, Figure 3 compares the 'H-NMR spectrum of (ArS)s-SiPc-(0,C-Ar-CO,H),

(3) and the reference phthalocyanine (ArS)s-SiPc-( O.C-Ar-CHs), (9) in CDCls.
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Figure 3. 'H-NMR Spectra of A) (ArS)+SiPc-( O,C-Ar-CHs), (9) and B) (ArS)+SiPc-(0,C-Ar-CO,H) (3) in CDCls.

Despite their structural similarity to the molecules discussed in the previous sections, the
presence of the p-methylthiophenoxy group, which has a stronger electron-donating character,
results in a slight upfield shift of the signals corresponding to the phthalocyanine ring and
peripheral substituents.

For this, in the reference phthalocyanine 9, the A, B and C signals appear as three
multiplets. The A and B signals appear together in the range of 9.48-9.35 ppm (8H) and the C
signal between 8.15-8.06 ppm (4H). The signals corresponding to the peripheral substituent
protons D appear as a multiplet between 7.71-7.63 (8H) ppm, while the E signal is observed as a
doublet at 7.39 ppm (8H). The I signal, associated with the methyl group, appears as a singlet at
2.53 ppm (12H). The G and F signals, corresponding to the axial substituents, are detected at 6.09
ppm (4H) and 5.05 ppm (4H), respectively. Additionally, the L signal, corresponding to the axial
methyl group appears as a singlet at 1.75 ppm (6H).

Similarly, in phthalocyanine 3, the signals are observed in the same range. as the reference
SiPc 9. However, in phthalocyanine 3, the axial substituent signals are downfield shifted due to
the presence of the carboxylic acid group, with G appearing at 6.93 ppm (4H) and F at 5.19 ppm
(4H).

1.1.4. Synthesis and Characterization of octa p-methylthiophenoxy SiPcs 4 and 10.

The synthesis of the target molecules and their precursors (Scheme 8) followed the
synthetic route described in Scheme 1 of section 1.1. These molecules, along with those discussed
in section 1.1.3, contributed to a scientific article!”® that provides a more detailed account of this
synthesis (Annex 2).

The precursor molecules obtained were 4,5-bis(p-tolylthio)phthalonitrile (31) yielding
69% and 5,6-bis(p-tolylthio)-1,3-diiminoisoindoline (32), yielding 75%. Despite the stronger
electron-donating character of the substituents, the slightly lower yields compared to their
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analogues may be attributed to increased steric hindrance arising from the higher number of

substituents. Both of which were characterized by "H-NMR, as presented in Annex 1
Following the successful synthesis of diiminoisoindoline, the preparation of (ArS)s-

SiPcCl; (33) was carried out according to the methodology previously described in Scheme 1 of
section 1.1. The characterization of this phthalocyanine was performed using UV-Vis
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Scheme 8. Synthesis of 4,5-bis(p-tolylthio)phthalonitrile (31); 5,6-bis(p-tolylthio)-1,3-diiminoisoindoline (32) and
(ArS)g-SiPcCl; (33).

Several modifications were made to the synthetic route described in Scheme 1 of section

1.1 for the synthesis of the target compound (Scheme 9). These modifications, along with their
justification, are detailed in section 1.1.3. Given that the difference between both compounds lies

in the number of peripheral substituents, a partial comparison of their synthesis can be made
The yield of (ClLArO)4-SiPc-(0,C-Ar-CO,H), (4) was 37%, significantly higher than that
of its analogue in section 1.1.3. This can be attributed to the higher number of electron-donating

peripheral substituents, which favour nucleophilic substitution, leading to increased yields
Conversely, the yield of (ArS)s-SiPc-( O.C-Ar-CHj3), (10) was 54%, slightly lower than

its analogue. Although a higher yield might be expected due to the electron-donating character of
the phthalocyanine, it is possible that the steric hindrance caused by the increased number of
peripheral groups has a more significant impact on the reaction efficiency.
All obtained compounds were characterized by 'H-NMR, MALDI-TOF mass

spectrometry, and UV-Vis spectroscopy (Annex 1)
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Scheme 9. Synthesis of (Cl,ArO)4SiPc-(0:,C-Ar-COH), (4) and (ArS)s-SiPc-( O,C-Ar-CHs), (10).

In this case, Figure 4 compares the "H-NMR spectrum of (ArS)s-SiPc-(0,C-Ar-CO,H),
(4) and the reference phthalocyanine (ArS)4-SiPc-( O.C-Ar-CHzs), (9) in CDCls.
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Figure 4. 'H-NMR Spectra of A) (ArS)s-SiPc-( O,C-Ar-CH), (10) and B) (Cl,Ar0O),-SiPc-(0,C-Ar-COH); (4) in
CDCls.

65



CHAPTER 1: Synthesis of Silicon Phthalocyanines with Donor and Acceptor Substituents in the
Peripheral Positions for the Generation of SURMOFs

When comparing these spectra with those of the molecules discussed in section 1.1.3,
several differences can be observed. These differences raise from the increased number of
peripheral substituents, which increase the electron-donating character of the molecule, causing a
slight upfield shift in the signals corresponding to the phthalocyanine ring. Additionally, the
presence of eight peripheral substituents instead of four introduces greater molecular symmetry,
leading to the appearance of the ring signals as a singlet rather than two multiplets as seen in their
analogues with four peripheral substituents.

Accordingly, in Figure 4.A phthalocyanine 10, the A signal, corresponding to the
phthalocyanine ring, appears as a singlet at 9.05 ppm (8H). The C and D signals, associated with
the peripheral substituents, are observed as two doublets, one at 7.57 ppm (16H) and the other at
7.33 ppm (16H), respectively. The I signal, corresponding to the methyl group, appears as a
singlet at 2.49 ppm (24H). The signals of the axial substituent G and F appear as two doublets,
one at 6.08 ppm (4H) and the other at 5.01 ppm (4H), respectively. Finally, the L signal,
corresponding to the axial methyl group, is detected as a singlet at 1.75 ppm (6H).

In the case of phthalocyanine 4, the axial substituent signals G and F also appear as two
doublets. However, these axial signals are shifted downfield due to the presence of the carboxylic
acid group, as previously mentioned, with G appearing at 6.99 ppm (4H) and F at 5.21 ppm (4H).

1.2.1. Optical Properties of the Reference Compounds, SiPcs 7, 8, 9 and 10.

To analyse the optical properties of the target molecules, a comparison of their UV-Vis
spectra with those of the reference SiPcs 7-10 will be conducted (Figure 5). This approach is
justified by the fact that the axial substituents have minimal influence on the optical properties,
while the peripheral substituents play a more significant role. By modifying the electron-donating
or electron-accepting character of the phthalocyanines, these substituents induce a shift in the Q
band, thereby affecting the optical behaviour of the molecules.

Figure 5 presents a comparative analysis of the compounds (ArO)s-SiPc-( O>C-Ar-CHs),
(7), (Cl2ArO)4-SiPc-( O2C-Ar-CHs): (8), (ArS)s-SiPc-( O2C-Ar-CHjs), (9) and (ArS)s-SiPc-( O.C-
Ar-CH3), (10) in CHCls.
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Figure 5. UV-Vis spectra of (ArO)4+SiPc-( O,C-Ar-CHs); (7), (Cl,ArO),-SiPc-( O,C-Ar-CHs), (8), (ArS)+SiPc-( O.C-
Ar-CHs),. (9) and (ArS)s-SiPc-( O,C-Ar-CHs), (10) in CHCls.

The UV-Vis spectrum of (ArO)s-SiPc-( O2C-Ar-CHs), (7), exhibits a Q band maximum
at 702 nm. In contrast, the introduction of electron-withdrawing chlorine groups in the peripheral
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positions of (Cl.ArO)s-SiPc-( O.C-Ar-CHs) (8) results in a blue shift of the absorption maximum
by 7 nm, with the Q band maximum at 695 nm. This shift, attributed to the difference in donor-
acceptor character, is a recurring trend in all UV-Vis spectra of donor-acceptor phthalocyanine
pairs.

Similarly, the UV-Vis spectrum of (ArS)4-SiPc-( O2C-Ar-CHzs), (9) shows a Q band
maximum at 714 nm. In the case of (ArS)s-SiPc-( O,C-Ar-CHs3), (10) the increased number of
thiotolyl groups induces a red shift of 26 nm, with the Q band maximum appearing at 740 nm.
Both phthalocyanines exhibit a charge transfer (CT) band in the 400-550 nm range, which is more
intense in (ArS)s-SiPc-( O.C-Ar-CHj3), (10) due to the influence of the higher number of thiotolyl
substituents. However, the Soret band remains relatively unchanged, appearing at 366 nm for
phthalocyanine 9, while in phthalocyanine 10, it is shifted by 3 nm to 369 nm.

The donor-acceptor character of these four phthalocyanines modulates the Q band shift,
with the stronger electron-donating character leading to a more pronounced red shift. In line with
this trend, CT band of (ArO)s-SiPc-( O,C-Ar-CHs), (7) appears slightly blue-shifted, while in its
chlorinated analogue, (Cl,ArO)4-SiPc-( O>C-Ar-CHs)s (8), the CT band is red-shifted, with both
signals observed in the 350-450 nm range. In contrast, a much more intense charge transfer band,
observed between 400-550 nm, is present in (ArS)s-SiPc-( O,C-Ar-CHs), (9) and (ArS)s-SiPc-(
0,C-Ar-CHj3), (10), particularly in the latter due to its higher electron-donating nature

To complement this comparison of reference phthalocyanines, a similar analysis was
performed for the target molecules 1-4, in order to verify whether the donor-acceptor trends
observed previously are reproduced in these systems (Figure 6).
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Figure 6. Normalized UV-Vis spectra of (ArO),-SiPc-(0,C-Ar-CO,H), (1), (Cl,ArO)+SiPc-(0O;C-Ar-COzH); (2),
(ArS)4+SiPc-(0,C-Ar-CO,H), (3) and (ArS)s-SiPc-(0,C-Ar-CO,H), (4) in CHCI;,

The absorption maxima of phthalocyanines display a progressive red shift correlated with
the increasing electron-donating character of the substituents. SiPc 2, which exhibits the most
electron-withdrawing profile, shows a Q band at 696 nm. In contrast, SiPc 1, 3, and 4 show
maxima at 701, 717, and 743 nm, respectively. These results are consistent with the donor-
acceptor behavior described previously for the references SiPc and confirm that higher donor
character induces a more pronounced bathochromic shift.
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1.2.2. Electrochemical Properties of the Reference Compounds, SiPcs 7, 8, 9 and
10.

The study of the electrochemical properties of phthalocyanines was carried out to
understand their behaviour for potential optoelectronic applications. The ability of these
molecules to transfer charge and participate in redox processes is closely related to the nature of
their peripheral substituents as well as the presence of electron-donating or electron-withdrawing
groups. In this context, the electrochemical evaluation of the synthesized phthalocyanines will
allow for an analysis of the impact of the modifications made, aiming at their future applications
in SURMOFs.

Figures 7 and table 1 present the electrochemical measurements obtained by differential
pulse voltammetry (DPV) in degassed benzonitrile solutions for the reference compounds of
(Ar0)4-SiPc-(0,C-Ar-CHs): (7), (CloArO)s-SiPc-(02C-Ar-CHs): (8),(ArS)sSiPc-(0,C-Ar-CHs),
(9) and (ArS)sSiPc-(0,C-Ar-CH3), (10). In all cases, well-defined and reversible waves were
observed in both anodic and cathodic regions, confirming the electrochemical stability of the
studied systems.

M
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Figure 7. Differential pulse voltammogram of (ArQO)4SiPc-( O,C-Ar-CH;), (7), (Cl,ArO)4-SiPc-( O,C-Ar-CHs); (8),
(ArS)4-SiPc-( O,C-Ar-CHs),. (9) and (ArS)s-SiPc-( O,C-Ar-CHs), (10) in benzonitrile, using tetrabutylammonium
hexafluorophosphate (Bus;NPFg) as the supporting electrolyte, platinum wire, glassy carbon, and non-aqueous

Ag/AgNO; as the counter, working, and reference electrodes, respectively, with ferrocene (Fc/Fc+) as an internal

standard.
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COIIIpOllIld Eox Ereal Erea I1 *E Homo *E ***Eg
(Vvs (Vvs Fce/Fc*) (Vs Fc/Fct) (eV) Lumo EQ
Fc/Fct) (ev) (eV)
(Ar0);-SiPc-( 0,C-Ar-CHs); (7) 0.57 -1.02 -1.55 423 5.82 1.59
(CRATO)SiPel 0:C-AFCHL): 0.67 -0.97 -1.48 413 571 164
(ArS)s-SiPc-( O,C-Ar-CHs), (9) 0.68 -0.84 -1.28 4.12 5.64 1.52
(ArS)s-SiPc-( 0,C-A,-CH;), (10) 0.65 -0.83 -1.24 4.15 5.63 1.48

Table 1. (ArO)4SiPc-( O,C-Ar-CHs), (7), (Cl,ArQO)4+SiPc-( O,C-Ar-CHs), (8), (ArS)4-SiPc-( O,C-Ar-CHs),. (9), and
(ArS)g-SiPc-( O,C-Ar-CHs), (10) electrochemical properties.

*Enomo have been calculated using E nomo (eV) = -4.8 - Eox (V vs Fc/Fc")
**Epumo have been calculated using E Lumo (V) = -4.8 - Eredl (V vs Fc/Fc¥)
*#*Electrochemical band gap energy ***(Eg EQ) values have been estimated using E¢P? = (E nomo -E Lumo) eV

Comparing compounds 7 and 8, the presence of -CI groups in the peripheral substituents
of phthalocyanine 8 increase its oxidation potential (0.67 V vs Fc/Fc') compared to
phthalocyanine 7 (0.57 V vs Fc/Fc*). Likewise, the reduction potential is more negative for
phthalocyanine 7 (-1.02 and -1.55 V vs Fc/Fc*) than for phthalocyanine 8 (-0.97 and -1.48 V vs
Fc/Fc*). These results indicate that the incorporation of -Cl atoms enhances the electron-accepting
nature.

On the other hand, the comparison between phthalocyanine 9 and 10 allows the evaluation
of the effect of the number of peripheral 4-methylthiophenyl substituents on the electrochemical
properties. It was observed that the oxidation potential of phthalocyanine 9 (0.68 V vs Fc/Fc?) is
higher than that of phthalocyanine 10 (0.65 V vs Fc/Fc*), while the reduction potentials of
phthalocyanine 10 (-0.83 and -0.84 V vs Fc/Fc*) are more positive compared to phthalocyanine
9. This confirms that the higher density of donor groups in phthalocyanine 10 enhances its
electron-donating capacity.

When analysing all four compounds together, phthalocyanines bearing thiophenyl groups
exhibit higher oxidation potentials, indicating greater oxidation stability. Likewise, the reduction
potentials are more negative in phthalocyanines 7 and 8, suggesting lower stability of the reduced
species.

Thus, it is confirmed that the most electron-accepting compound is phthalocyanine 8, due
to the presence of -Cl groups, which reduce the electron density of the molecule. In contrast, the
most electron-donating compound is phthalocyanine 10, as the higher number of 4-
methylthiophenyl groups increases its electron-donating capacity, confirming the expected trend

1.3.1. Synthesis and Characterization of SURMOFS of SiPc 1,2, 3 and 4.

After the successful synthesis of the target compounds described above, their potential as
linkers for the construction of SURMOF structures was evaluated. Due to their ditopic nature,
these molecules were considered suitable candidates for coordination with zinc ions (Zn?") to
form frameworks.

The SURMOF films were fabricated via sequential spin-coating on plasma-treated silicon
substrates. A 1 mM zinc acetate solution in ethanol and a 20 uM solution of the corresponding
SiPc in DMF were alternately deposited for 60 cycles, resulting in uniform and oriented thin films.
The spin-coating technique was selected for its rapid processing and reproducibility.
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To confirm the formation of the SURMOFs, out-of-plane XRD measurements were
performed. For the most promising systems, additional characterization was conducted using FT-
IRRAS to further corroborate the successful coordination between the linkers and the metal nodes.
UV-Visible spectroscopy was subsequently performed to analyze the optical properties of the
films, with particular attention given to the observation of bathochromic shifts in the Q-band
indicative of J-type aggregation.

All experimental work described in this chapter was carried out during a pre-doctoral
research stay at the Karlsruhe Institute of Technology (KIT) under the supervision and
collaboration of Professor Christof Woll, Dr. Hartmut Gliemann, and Dr. Anemar Bruno Kan;.

Figure 8.A presents the out-of-plane XRD patterns of SURMOF thin films constructed
with SiPc derivatives 1-4, compared against simulated reference data. The simulation was
generated using CIF data (Annex 3) from previous studies.''® In all cases, the experimental
patterns display periodicities in the range of 2.2-2.3 nm (a=b) and 1.1-1.3 nm (c), consistent with
a layered SURMOF arrangement.

For Zn-SiPc 1 and Zn-SiPc 2, the observed periodicities (a = b ~ 2.2 nm, ¢ = 1.1 nm)
show slight shifts compared to the theoretical simulation, likely due to increased steric hindrance
introduced by the axial and peripheral substituents. While the general pattern agrees, the signal
definition is moderate.

Zn-SiPc 4 exhibits broader and less defined peaks, and deviations in the periodicities
(notably ¢ = 1.3 nm) suggest a less ordered framework or possibly incomplete MOF formation.

In contrast, Zn-SiPc 3 displays the most well-defined and intense diffraction peaks, with
excellent agreement to the simulated pattern. The periodicities obtained (a =b =2.4 nm, c = 1.1
nm) indicate a high degree of structural order and successful integration of the linker into the
SURMOF architecture. This is further reinforced by the fact that Zn-SiPc 3 is the only system
displaying five periodicities in the diffraction peaks, whereas the other samples show only two,
highlighting its superior crystallinity.

Due to its superior crystallinity and structural definition, Zn-SiPc 3 was selected for
further in-depth characterization. This improved ordering may be attributed to reduced steric
hindrance arising from its specific peripheral substituents.

To further confirm the formation of the coordination framework and validate the
successful assembly of the SURMOF architecture, the Zn-SiPc 3 sample was analysed by FT-
IRRAS spectroscopy. This technique allowed the identification of characteristic vibrational
modes associated with the coordination bonds between the phthalocyanine linkers and the Zn?**
metal centers, thereby providing complementary structural information to the XRD analysis.

Figure 8.B presents the FT-IRRAS spectrum of the Zn-SiPc 3 SURMOF. The spectrum
exhibits characteristic peaks for the carboxylate group (COO") interacting with zinc, with an
asymmetric stretching vibration around 1600 cm™ and a symmetric stretching vibration at 1400
cm’!. The Si-N stretching vibration of the phthalocyanine is observed at 1300 cm™, while the C=C
and C=N stretching vibrations of the SiPc ring are also located at 1600 cm™'. The out-of-plane
deformations of the SiPc ring are observed at 700 cm™. These results confirm the formation of
the SURMOF.
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Figure 8. A) Predicted structure of Zn-SiPc-(CO,H), (black)''® and experimental out-of-plane X-ray diffraction
patterns of Zn-SiPc1; Zn-SiPc2; Zn-SiPc3 and Zn-SiPc4 SURMOF structure. B) FT-IRRAS spectra of Zn-SiPc 3.

Based on these findings, the Zn-SiPc 3 SURMOF was further characterized by UV-Vis
spectroscopy (Figure 9). To assess potential J-type aggregation within the framework, the UV-
Vis spectrum of the Zn-SiPc 3 SURMOF in solid state, was compared to SiPc 3 CHCI; solution.
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Figure 9. UV-Vis of SiPc 3 (red) in CHCI; and Zn-SiPc 3 (black) SURMOF structure.

The Q band absorption peak is centered at 717 nm in solution and suffers a bathochromic
shift to 731 nm in the SURMOF, indicating a 14 nm shift. This bathochromic shift'’” in the Q
band is a measurement of the strength of the J-type electronic coupling.

177 A. Ferencz, D. Neher, M. Schulze, G. Wegner, L. Viaene, F. C. De Schryver, Chem. Phys. Lett. 1995, 245, 23-29.
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2. Conclusion.

In this work, the synthesis and complete characterization of ten different silicon
phthalocyanines were successfully achieved. These compounds were designed with different
axial and peripheral substituents to modulate their electronic, optical, and solubility properties,
addressing their suitability for two primary applications: optoelectronic devices and the
development of novel SURMOFs.

All molecules were thoroughly characterized by 'H-NMR spectroscopy, UV-Vis
spectroscopy, HR-MALDI-TOF mass spectrometry, and, when applicable, electrochemical
studies.

Among the SiPcs intended for SURMOFs, (Cl,ArO)s-SiPc-(O.C-Ar-CH,), (8) was
identified as the most electron-accepting compound, while (ArS)s-SiPc-(0,C-Ar-CH3), (10)
exhibited the strongest electron-donating behaviour. These trends were consistently observed
across UV-Vis and electrochemical measurements, supporting the donor-acceptor design strategy
used.

From the phthalocyanines synthesized and characterized, SiPcs 1-4 were selected for
evaluation regarding their ability to form SURMOF-type structures. The compounds (ArO)s-
SiPc-(0,C-Ar-CO>H), (5) and (Cl2ArO)4-SiPc-(0,C-Ar-CO,H), (6) was not pursued due to
their close structural similarity to phthalocyanines 1 and 2. Moreover, time constraints during the
research stay at the Institute of Functional Interfaces (IFG), Karlsruhe Institute of Technology,
also limited the scope of these experiments.

Ultimately, four SiPcs successfully formed crystalline and well-organized SURMOF
structures, as evidenced by well-resolved out-of-plane XRD patterns. Among them, (ArS)+-SiPc-
(O2C-Ar-CO:H): (3) yielded SURMOF films that were characterized by UV-Vis and FT-IRRAS
spectroscopy, confirming both molecular integrity and successful incorporation of functional
groups.

As future work, it would be of interest to assess whether SiPc 1, 2 and 4 are also capable
of forming ordered SURMOFs structures. Preliminary XRD patterns suggest this possibility;
however, no further characterization was conducted.

In addition, the donor-acceptor nature of these SiPcs opens the possibility of designing
future SURMOFs in which donor and acceptor layers alternate within the framework, a strategy
that could be exploited to tailor charge transport and expand their potential applications.

Moreover, their potential performance in photoresponsive applications, such as
photodetectors, remains unexplored. Additional studies would be required to confirm the
formation of well-defined architectures and to evaluate their suitability for optoelectronic
applications.
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3. Experimental Section.

3.1. Materials and Methods

Except for specific cases mentioned, the reagents and solvents used in the synthesis
processes were obtained from commercial suppliers and used without any additional purification.

-Microwave reactor: Microwave reactions were carried out in a CEM microwave reactor,
Discover SP model.

-Chromatographic techniques: Column chromatography was performed on SiO» (40-63
mm), and Biorad Biobeads SX-3 (200-400 mesh) was used as the stationary phase for size
exclusion chromatography (SEC). TLC plates coated with SiO, 60F254 were visualized under
UV light.

-Nuclear Magnetic Resonance (NMR): NMR spectra were recorded on a Bruker AC 300
or Burker 400MHz spectrometer at 25 °C, unless otherwise specified using deuterated solvents
and referenced to tetramethylsilane (TMS). Coupling constants (J) are reported in hertz (Hz). The
signals are designated as follows: s = singlet, d = doublet, m = multiplet, and chemical shifts are
given in ppm.

-UV-Vis: The measurements for SiPc in solution were recorded on a Perkin Elmer
LAMDA 365 UV-WinLab spectrophotometer, using spectrosol-grade solvents. For SURMOF
thin films, UV-Vis measurements in the solid state were performed in reflection mode using either
a Cary 5000 UV-Vis/NIR spectrometer equipped with a Universal Measurement Accessory
(UMA) unit from Agilent Technologies, or a PerkinElmer Lambda 950 UV-Vis/NIR spectrometer
equipped with an integrating sphere, allowing accurate determination of the optical response
within the multilayer system.

-Mass spectrometry: High-resolution mass spectra were obtained from a Bruker Reflex II
matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) spectrometer using
dithranol as matrix.

-Electrochemistry: The measurements were performed at 298 K in a conventional three-
electrode cell using an m-AUTOLAB type III potentiostat/galvanostat (Metrohm, Herisau,
Switzerland). Sample solutions (ca. 0.5 mM) were prepared in deaerated PhCN or THEF,
containing 0.10 M tetrabutylammonium hexafluorophosphate (TBAPF¢) as supporting
electrolyte; a glassy carbon (GC) as working electrode, an Ag/AgNOs as reference electrode, a
platinum wire as counter electrode were used, and ferrocene/ferrocenium was the internal
standard for all measurements.

-X-Ray diffraction (XRD): The XRD measurements for out-of-plane (co-planar
orientation) were carried out using a Bruker D8-Advance diffractometer equipped with a position
sensitive detector Lynxeye in geometry, variable divergence slit, and 2.3° Soller-slit was used on
the secondary side.

-FT-IRRAS: The measurements for IRRAS data were recorded using a Biorad Excalibur
FTIR spectrometer (FTS 3000) equipped with a grazing incidence reflection unit (Biorad Uniflex)
and a narrow band MCT detector.

-Substrate pretreatment: Substrates were cleaned by argon-hydrogen plasma using a
Diener Plasma surface treatment system (airflow: 20 sccm, pure hydrogen) for 30 minutes.
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3.2.1. Synthesis of 4-(2,6-dimethylphenoxy)phthalonitrile (17).'74

CN
CHs

4- nitrophthalonitrile (5 g, 28.88mmol), 2,6-dimethylphenol (5 g, 43.32mmol) and K,CO3
(10 g, 43.42 mmol) were mixed in dimethyl sulfoxide (100 mL) under N, for 48 h. After that the
crude material was precipitated over H>O/ice and filtered under vacuum. The solid obtained was
purified by column chromatography (SiO,, CH.Cl) yielding 5.26 g (73%) of 4-(2,6-
dimethylphenoxy)phthalonitrile 17'7* as a greenish solid. 'H-NMR (400 MHz, DMSO-ds, 25 °C)
5= 8.05 (d, J = 8.8 Hz, 1H), 7.60 (d, J = 2.6 Hz, 1H), 7.27-7.08 (m, 4H), 2.05 (s, 6H)."*C-NMR
(101 MHz, DMSO-ds, 25 °C): 8= 159.9, 148.6, 135.9, 129.7, 128.9, 125.8, 119.9, 118.9, 116.4,
115.3,114.8,106.9, 15.2.

3.2.2. Synthesis of 5-(2,6-dimethylphenoxy)-1,3-diiminoisoindoline (18).

NH

o @NH
(0)

NH

CHs

4-(2,6-dimethylphenoxy)phthalonitrile 17'7* (2.0 g, 8.22 mmol), CH3;ONa (200 mg. 3.68
mmol) were mixed in methanol (150 mL). NH3; was then bubbled in the solution at the refluxing
methanol temperature (65 °C) for 14 h. Afterwards, the reaction mixture was transferred to a
crystallizing dish and the solvent was allowed to evaporate in air. The solid obtained was washed
repeatedly with water, dried, and then washed with 50 mL of CHClIs, yielding 1.22 g (56%) 5-
(2,6-dimethylphenoxy)-1,3-diiminoisoindoline 18 as a cream-colored solid, which was used in
successive reactions without further purification. "H-NMR (400 MHz, DMSO-ds, 25 °C) 8= 7.72-
6.62 (m, 6H), 2.09 (s, 6H). *C-NMR (75 MHz, DMSO-ds, 25 °C): 159.4, 150.0, 130.2, 128.9,
125.3,122.4,116.2, 106.6,15.6.

3.2.3. Synthesis of (Ar0)4-SiPcClz (19).

HC o 3 £ CH
\@7 :
‘>>:N N
N> _si” °N
—N7F N=
N cn
H3C /’ s —
3 O/ s: \O 3
CH, cl HsC

750 mg (2.81 mmol) of 5-(2,6-dimethylphenoxy)-1,3-diiminoisoindoline 18 were
dissolved in 7 mL of quinoline. The mixture was purged with N, and protected from light. Then
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0.7 ml of SiCls was added. The reaction was heated to reflux temperature (200 °C) for 1 hour.
After cooling to 60 °C, 100 mL of acetone was added, forming a suspension which was filtered
hot, obtaining a crude solid that was washed with acetone. Yielding 750 mg (99%) of (ArO)a.
SiPcCl; 19 as a blue solid, which was used without further purification in subsequent reactions.
UV-Vis (CHCI3) Amax/nm: 356, 374, 638, 712.

3.2.4. Synthesis of 4‘-formyl-[1,1’-biphenyl]-4-carboxylic acid (20)%6

H_0

&
J

0” "OH

500 mg (2.70 mmol) of 4-bromobenzaldehyde and 540 mg (3.24 mmol) of 4-
boronobenzoic acid were dissolved in 15 mL of anhydrous DMF and degassed with argon. The
reaction mixture was stirred for 10 minutes at room temperature. Then, 4 mL of 2 M sodium
carbonate solution and 140 mg (0.12 mmol) of Pd(PPhs)4 in 4 mL of DMF were added, and the
temperature was increased to 110 °C. The reaction mixture was kept at this temperature overnight.
The crude reaction mixture was dissolved in 40 mL of methanol and filtered. The filtrate was
concentrated under reduced pressure and redissolved in 60 mL of a methanol/water mixture (5:1).
The solution was filtered again to remove impurities. 3 mL of 2 M hydrochloric acid was added
to filtered solution, resulting in the formation of a white precipitate which was collected by
vacuum filtration. The solid was washed three times with 15 mL of chloroform yielding 400 mg
(66%) of 4‘-formyl-[1,1’-biphenyl]-4-carboxylic acid 20'* as a white solid. ' H-NMR (300 MHz,
DMSO-ds, 25 °C): &= 10.05 (s, 1H), 8.08-7.95 (m, 6H), 7.86 (d, J = 9.0 Hz, 2H) ppm. *C-NMR
(125 MHz, DMSO-ds, 25 °C): 192.7, 167.0, 144.6, 142.9, 135.6, 130.6, 130.2, 130.1, 127.7, 127.3
ppm.
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3.2.5. Synthesis of (Ar0)s-SiPc-(02C-Ar-CHO): (21).

N’ Si N
=1 T ON=
HaC b7 N7 Y cH,

A suspension of 50 mg (0.040 mmol) of (ArO)s-SiPcCl, 19, 103 mg (0.680 mmol) of 4-
formylbezoic acid and 6 mL of dry toluene. The mixture was heated in microwave reactor while
stirring, at constant temperature of 200 °C for 60 minutes. Then toluene was removed, the
resulting solid was washed with 60 mL of methanol. The solid was dissolved in DCM and
centrifuged, discarding the precipitate. The solution was concentrated. The resulting solid was
purified by column chromatography (SiO2, CH2Cly). Yielding 40 mg (66%) of (ArO)4-SiPc-(O,C-
Ar-CHO); (21) as a blue-green solid. 'H-NMR (400 MHz, CDCls, 25 °C) &= 9.64-9.49 (m, 4H),
9.47 (s, 2H), 8.89-8.66 (m, 4H), 8.02-7.85 (m, 4H), 7.40-7.32 (m, 12H), 6.83 (d, /= 8.5 Hz, 4H),
5.41 (d, J = 8.5 Hz, 4H), 2.40-2.32 (m, 24H).UV-Vis (CHCI3) Ama/nm (log €): 359 (4.99), 631
(4.67), 705 (5.36). MS (MALDI-TOF, dithranol): m/z [M"] calcd for CgoHssNgO10Si 1318.4059,
found 1318.5521.

3.2.6 Synthesis of (Ar0)s-SiPc-(0:C-Ar2-CHO): (22)

@\cm O HacQ
0
HsC _p CH,
> N\\&?
N [N
N _si” °N
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—ENT~~

HsC & _y 3N ¥ CHs
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A suspension of 50 mg (0.040 mmol) of (ArO)s-SiPcCl; 19, 62 mg (0.28 mmol) of 4°-
formyl-[1,1’-biphenyl]-4-carboxylic acid 20'®, 30 mg (0.07 mmol) of 1,1'-methylenebis(3-
methylimidazolium iodide)!”® and 3 mL of dry toluene was heated in a microwave reactor with
constant stirring at 160 °C for 1 hour. Then removed toluene and resulting solid was washed with
60 mL of methanol/ water (3:1). The obtained solid was purified by column chromatography
(Si0,, CH2CL). Yielding 40 mg (76%) of (ArO)s-SiPc-(O2C-Ar,-CHO), (22) as a blue-green
solid. 'H-NMR (400 MHz, CDCl3,25 °C) &= 9.89 (s, 2H), 9.63-9.43 (m, 4H), 8.87-8.64 (m, 4H),
7.98-7.82 (m, 4H), 7.67 (d, J = 8.5 Hz, 4H), 7.40-7.32 (m, 12H), 7.16 (d, J = 8.5Hz, 4H), 6.56 (d,
J=8.5 Hz, 4H), 5.30 (d, J = 8.5 Hz, 4H), 2.40-2.32 (m, 24H). UV-Vis (CHCIl3) Amax/nm (log ¢):
360 (4.45), 630 (4.16), 707 (4.90). MS (MALDI-TOF, dithranol): m/z [M7] caled for
CorHesN3gO10Si 1470.4683 found 1470.4778.

3.2.7 Synthesis of (ArQ)s-SiPc-(02C-Ar-CO:z2H)2 (1).

N N S N
i
NTT N=

—\S = Z

120 mg (0.089 mmol) of ((ArO)s-SiPc-(0,C-Ar-CHO), (21), was dissolved in 6 mL of
THF/H,0 (6:1) mixture. Separately, 65 mg (0.532 mmol) of H;NSO; and 50 mg (0.364 mmol) of
NaClO, were dissolved as well in 6 mL of THF/H>O (6:1) mixture. This solution was slowly
added to the solution of (ArO)4-SiPc-(0,C-Ar-CHO); (21). The reaction was protected from light
and stirred at room temperature for 24 hours. Then solvents were removed, the obtained solid was
washed repeatedly with 3 volumes of MeOH/H»O (3:1) mixture and one additional volume of
MeOH. Yielding 85 mg (70%) of target compound (ArO)4-SiPc-(0,C-Ar-CO,H), (1) as a pure
blue-green solid. "H-NMR (400 MHz, CDCl3, 25 °C) &= 9.55-9.37 (m, 4H), 8.86-8.51 (m, 4H),
7.91-7.73 (m, 4H), 7.35-7.26 (m, 12H), 6.61 (d, J= 8.5 Hz, 4H), 5.19 (d, J= 8.5 Hz, 4H), 2.40-
2.32 (m, 24H). UV-Vis (CHCl3) Amax/nm (log ¢): 361 (4.61), 628 (4.61), 701 (5.31). MS (MALDI-
TOF, dithranol): m/z [M*] caled. CgoHssNsO12Si 1350.3938 found 1350.0153.
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3.2.8 Synthesis of (ArQ)4-SiPc-(02C-Ar2-CO:2H): (5).

Os OH

HO™ ~O

72 mg (0.049 mmol) of (ArO)s-SiPc-(0,C-Ar,-CHO), (22), was dissolved in 6 mL of
THF/H,O mixture. Separately, 30 mg (0.313 mmol) of HsNSO; and 20 mg (0.221 mmol) of
NaClO; were dissolved in 6 mL of THF/H»O (6:1) as well. This solution was slowly added to the
solution of (ArO)4-SiPc-(O2C-Ar,-CHO), (22). The reaction was protected from light and stirred
at room temperature for 24 hours. Then the product was precipitated in 30 mL of MeOH and
washed repeatedly with 3 volumes of MeOH/H»O (3:1) mixture and one additional volume of
MeOH. Yielding 56 mg (75%) of target compound (ArQ)4-SiPc-(0>C-Ar,-CO,H); (5) as a pure
blue-green solid. '"H-NMR (400 MHz, CDCls, 25 °C) 8= 9.58-9.39 (m, 4H), 8.84-8.61 (m, 4H),
7.91-7.85 (m, 4H), 7.87 (d, J = 8.5 Hz, 4H), 7.32-7.26 (m, 12H), 7.04 (d, J = 8.5 Hz, 4H), 6.52
(d, J= 8.5 Hz, 4H), 5.35 (d, J = 8.5 Hz, 4H), 2.40-2.32 (m, 24H).UV-Vis (CHC]l3) Amax/nm (log
€): 360 (4.50), 630 (4.21), 702 (4.93). MS (MALDI-TOF, dithranol): m/z [M"] calcd for
Co2HesNsO12S1 1502.4573 found 1502.5473.

3.2.9. Synthesis of (ArQ)4-SiPc-( O2C-Ar-CHs): (7).
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A suspension of 50 mg (0.040 mmol) of (ArO)4-SiPcCl; (19), 95 mg (0.700 mmol) of 4-
methylbezoic acid, and 3 mL of dry toluene was heated in microwave reactor with constant
stirring at 200 °C for 1 hour. Then, toluene was removed, the resulting solid was washed with 60
mL of methanol. The solid was dissolved in DCM and centrifuged, discarding the precipitate. The
supernatant was concerted, and the obtained solid was purified by column chromatography (SiO»,
CH,CL,). Yielding 43 mg (73%) of (ArO)s-SiPc-( O,C-Ar-CHs), (7) as a blue-green solid. 'H-
NMR (400 MHz, CDCl3, 25 °C) § 9.56-9.37 (m, 4H), 8.82-8.61 (m, 4H), 7.91-7.68 (m, 4H), 7.37-
7.29 (m,12H), 6.06 (d, J= 8.2 Hz, 4H), 5.05 (d, /= 8.2 Hz, 4H), 2.45-2.31 (m, 24H) 1.72 (s, 6H).
UV-Vis (CHCI3) Ama/nm (log ¢): 361 (4.92), 628 (4.62), 702 (5.32). MS (MALDI-TOF,
dithranol): m/z [M*] calcd. for CsoHs2NgOsSi 1290.4477, found 1290.6265.

3.2.10. Synthesis of 4-(2,6-dichlorophenoxy)phthalonitrile (23).

3 g (17.32 mmol) of 4-nitrophtalonitrile, 4.24 g (26 mmol) of 1,3-dichloro-2-
hidroxybenzene, 6 g (43.42 mmol) of K»COj3 and 80 mL of DMSO were added to a 250 mL round-
bottomed flask. A nitrogen atmosphere was established, and the mixture was stirred at room
temperature for 24 hours. After this time, the crude product was precipitated over ice/water and
filtered under vacuum. The solid obtained was washed with water and then with 50 mL of cold
ethanol, yielding 4.2 g (70%) of 4-(2.6-dichlorophenoxy)phthalonitrile 23 as a yellowish solid,
which was used in subsequent reactions without further purification. 'H- NMR (400 MHz, CDCl;,
25 °C) 6= 7.80-7.72 (m, 1H), 7.47 (d, J = 8.1 Hz, 2H), 7.33-7.27 (d, J = 8.1 Hz 1H), 7.22-7.13
(m, 2H). BC-NMR (100 MHz, CDCls, 25 °C): 6= 158.8, 144.5, 134.8, 128.9, 128.5, 127.3, 119.3,
117.1,114.4, 114.1, 109.0.

3.2.11. Synthesis of 5-(2,6-dimethylphenoxy)-1,3-diiminoisoindoline (24).

NH

Iy

NH
Cl

750 mg (2.6 mmol) of 4-(2,6-dichlorophenoxy)phtalonitrile 23, 75 mg (1.38 mmol) of
CH;0Na and 150 mL of CH3OH were added to a 250 mL two-necked round bottomed flask. The
reaction mixture was at the reflux temperature of methanol (65 °C) while bubbling NH3 for 10
hours. After this time, the crude reaction mixture was transferred to a crystallizing dish, the
solvent was allowed to evaporate in air, and the resulting solid was washed repeatedly with water.
660 mg (83%) of 5-(2,6-dimethylphenoxy)-1,3-diiminoisoindoline 24, was obtained as a cream-
coloured solid, which was used in subsequent reactions without further purification. "H-NMR
(400 MHz, DMSO-dg, 25 °C): 6= 17.81 (d, J=8.2 Hz, 1H), 7.72 (d, J= 8.1 Hz, 2H), 7.51-7.39 (m,
2H), 7.16-7.09 (m, 1H) ppm."*C-NMR (101 MHz, DMSO-ds, 25 °C): 6= 158.2, 145.4, 129.7,
128.3,127.8, 122.4, 116.8, 106.7.
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3.2.12. Synthesis of (Cl2ArO)4-SiPcCl2 (25).
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660 mg (1.54 mmol) of 5-(2,6-dichlorophenoxy)-1,3-diiminoisoindoline 24 were
dissolved in 7 mL of quinoline. The system was closed purged with N, and protected from light.
Then 0.7 ml of SiCls was added. The reaction was heated to reflux (200 °C) for 1 hour. After
cooling to 60 °C, 100 mL of acetone was added, forming a suspension which was filtered hot. The
solid obtained was washed with acetone. Yielding 650 mg (99%) of (Cl,ArO)s-SiPcCl; 25 as a
green solid which was used without further purification in subsequent reactions. UV-Vis (CHCl;)

Amax/nm: 315, 354, 374, 633, 705 nm.
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3.2.13. Synthesis of (Cl2Ar0O)4-SiPc-(02C-Ar-CHO): (26).

A suspension of 50 mg (0.034 mmol) of (Cl,ArO)4-SiPcCl; 25, 120 mg (0.800 mmol) of
4-formylbenzoic acid, 30 mg (0.07 mmol) of 1,1'-methylenebis(3-methylimidazolium iodide)'”
and 3 mL of dry toluene was heated in a microwave reactor with constant stirring at a target
temperature of 160 °C for 60 min. Then toluene was remover, the obtained solid was washed with
60 ml of MeOH. The solid was dissolved in DCM and centrifuged, discarding the precipitate. The
supernatant was concentrated, the obtained solid was purified by column chromatography (SiO-,
CH»Cl,). Yielding 27 mg (46%) of (Cl2ArO)s-SiPc-(0,C-Ar-CHO) (26) as a blue-green solid.
'H-NMR (400 MHz, CDCl;, 25 °C) 6= 9.65-9.48 (m, 4H), 9.42 (s, 2H), 8.93-8.81 (m, 4H), 8.01-
7.84 (m, 4H), 7.68-7.58 (m, 8H), 7.45-7.39 (m, 4H), 6.79 (d, /= 8.1 Hz, 4H), 5.29 (d, /= 8.1 Hz,
4H). UV-Vis (CHCI3) Amax/nm (log €): 359 (4.91), 626 (4.60), 689 (5.34). MS (MALDI-TOF,
dithranol): m/z [M] calcd. C7,H34ClgNsO10Si 1482.9703 found 1482.5492.
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3.2.14. Synthesis of (CLAr0)s-SiPc-(0:C-Ar2-CHO)2 (27).

O H

H™ ~O0

A suspension of 50 mg (0.034 mmol) of (CL,ArO)4-SiPcCl; 25, 65 mg (0.286 mmol) of
of 4‘-formyl-[1,1°-biphenyl]-4-carboxylic acid 20,'%® 30 mg (0.07 mmol) of 1,1'-methylenebis(3-
methylimidazolium iodide)'”® and 3 mL of dry toluene, was heated in a microwave reactor with
constant stirring at temperature of 160 °C for 1 hour. Then toluene was removed, and the obtained
solid was washed with 60 mL of MeOH. The solid was purified by column chromatography (SiO»,
Hx/AcOEt (1:1)). Yielding 15 mg (23%) of (Cl,ArO)s-SiPc-(O2C-Ar,-CHO), (27) as a pure blue-
green solid. 'H NMR (400 MHz, CDCls, 25 °C) & = 9.86 (s, 2H), 9.66-9.48 (m, 4H), 8.94-8.82
(m, 4H), 8.00-7.82 (m, 4H), 7.68-7.58 (m, 8H), 7.63 (d, J= 8.1 Hz, 4H), 7.44-7.34 (m, 4H), 7.14
(d, J=8.1 Hz, 4H), 6.54 (d, J = 8.2 Hz, 4H), 5.23 (d, /= 8.2 Hz, 4H). UV-Vis (CHCI3) Ama/nm
(log €): 357 (4.96), 622 (4.49), 691 (5.27). MS (MALDI-TOF, dithranol): m/z [M7] calcd. for

C84H43C13N801()Si 163.0442, found 1635.4874.
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3.2.15. Synthesis of (Cl2ArO)4-SiPc-(02C-Ar-CO:zH): (2).
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cl oo ¢ C

86 mg (0.06 mmol) of (Cl,ArO)4-SiPc-(0,C-Ar-CHO), (26), was dissolved in 3 mL of
THF/H,0 (6:1) mixture. Separately, 40 mg (0.36 mmol) of H;NSO; and 32 mg (0.24 mmol) of
NaClO, were dissolved in 3 mL of THF/H»O (6:1) mixture. This solution was slowly added to
the solution of (Cl,ArO)4-SiPc-(0O,C-Ar-CHO), (26). The reaction was protected from light and
stirred at room temperature for 24 hours. Then, the solvents were removed, and the obtained solid
was washed repeatedly with 3 volumes of MeOH/H,O (3:1) mixture and one additional volume
of MeOH. Yielding 62 mg (70%) of the target compound (Cl,ArO)s-SiPc-(O.C-Ar-CO:H): (2)
as pure blue-green solid. "TH-NMR (400 MHz, CDCls, 25 °C) 6= 9.65-9.42 (m, 4H), 8.93-8.84 (m,
4H), 7.97-7.80 (m, 4H), 7.70-7.63 (m, 8H), 7.56-7.47 (m, 4H), 6.91 (d, /= 8.2Hz, 4H), 5.17 (d, J
= 8.2 Hz, 4H).UV-Vis (CHCI3) Ama/nm (log €): 360 (4.59), 625 (4.25), 696 (4.98).MS (MALDI-
TOF, dithranol): m/z [M*] caled. for C7,H35CIsNgO12Si 1512.9638 found 1513.1344.

3.2.16. Synthesis of (Cl2ArQO)4-SiPc-(02C-Ar2-COzH)2 (6).

OsOH

HO™ ~O
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100 mg (0.061 mmol) of (Cl,ArO)s-SiPc-(O2C-Ar,-CHO), (27), was dissolved in 6 mL
of THF/H,O (6:1) mixture. Separately, 35 mg (0.37 mmol) of H3NSO3 and 27 mg (0.25 mmol)
of NaClO, were dissolved in 6 mL of THF/H,O (6:1) mixture. This solution was slowly added to
the solution (ClLArO)4-SiPc-(02C-Ar-CHO), (27). The reaction was protected from light and
stirred at room temperature for 24 hours. Then, the solvents were removed, and the obtained solid
was washed repeatedly with 3 volumes of MeOH/H,O (3:1) mixture and one additional volume
of MeOH. Yielding 76 mg (75%) of the target compound (Cl,ArO)4-SiPc-(02C-Ar,-CO,H), (6)
as a blue-green solid. 'H-NMR (400 MHz, CDCls, 25 °C) & = 9.65-9.41 (m, 4H), 8.90-8.78 (m,
4H), 7.93-7.82 (m, 4H), 7.80 (d, J = 8.1 Hz, 4H), 7.66-7.56 (m, 8H), 7.47-7.32 (m, 4H), 7.05 (d,
J=28.1Hz, 4H), 6.53 (d, /= 8.2 Hz, 4H), 5.23 (d, J= 8.2 Hz, 4H). UV-Vis (CHCI3) Amax/nm (log
€): 358 (4.79), 624 (4.42), 695 (5.16). MS (MALDI-TOF, dithranol): m/z [M'] calcd. for
C84H42C8N80128i 1666.0277 found 1666.1494.

3.2.17. Synthesis of (Cl2Ar0O)4-SiPc-( O2C-Ar-CH3): (8).
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A suspension of 50 mg (0.034 mmol) of (Cl,ArO)s-SiPcCl; (25), 136 mg (0.800 mmol)
of 4-methylbezoic acid, 30 mg (0.07 mmol) of 1,1'-methylenebis(3-methylimidazolium) iodide'”
and 4 mL of dry toluene, was heated in a microwave reactor with constant stirring at constant
temperature of 160 °C for 1 hour. Then toluene was removed, and the obtained solid was washed
with 60 mL of MeOH. The solid was dissolved in DCM and centrifuged, discarding the
precipitate. The supernatant was concentrated, the solid was purified by column chromatography
(Si0,, CH2Cly). Yielding 37 mg (64%) of (ClLArO)4-SiPc-( O.C-Ar-CHs), (8) as a blue-green
solid."H-NMR (400 MHz, CDCls, 25 °C) § = 9.63-9.45 (m, 4H), 8.91-8.79 (m, 4H), 7.97-7.80 (m,
4H), 7.67-7.58 (m, 8H), 7.43-7.31 (m, 4H), 6.06 (d, J = 8.1 Hz, 4H), 5.02 (d, J = 8.1 Hz, 4H),
1.72 (s, 6H). UV-Vis (CHCI3) Amax/nm (log €): 362 (4.94), 623 (4.62), 695 (5.36).MS (MALDI-
TOF, dithranol): m/z [M] calcd. for C72H3sCl1sNsOsSi 1453.9667, found 1453.3624.
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3.2.18. Synthesis of 4-(p-tolylthio)phthalonitrile (28).
CN
s/@m
ey

4-Nitrophtalonitrile 2 g (11.55 mmol), 4-methylthiopenol 1,5 g (12.08mmol), and K»CO;
2.5 g (18.09 mmol) were mixed in 40 mL of dimethyl sulfoxide. An argon atmosphere was
established, and the mixture was stirred for 24 hours. The crude product was precipitate over
ice/water and filtered. The solid obtained was washed with water and then with cold ethanol,
yielding 2.29 g (79%) of 4-(p-tolythio)phtalonitrile 28 as a pale white solid, which was used in
subsequent reactions without further purification. '"H-NMR (400 MHz, CDCls, 25 °C) & 7.57 (d,
1H, J = 8.3 Hz), 7.43 (d, 2H, J = 8.3 Hz), 7.33-7.23 (m, 4H), 2.44 (s, 3H). *C-NMR (100 MHz,
CDCl;,25°C): 6 149.0, 141.2, 135.3,133.1, 129.7, 129.5, 124.5, 116.2, 115.5, 115.1, 110.9, 21.3.

3.2.19. Synthesis of 5-(p-tolylthio)-diiminoisoindoline (29).

NH

| I NH
S
5 =N
HsC

1.8 g (7.20 mmol) of 4-(p-tolythio)phtalonitrile 28 and 0.18 g of MeONa (3.33 mmol)
were mixed in 150 mL of methanol. Ammonia was bubbled through the solution at methanol
temperature reflux (65 °C) for 9 hours. The solvent was then evaporated, and the resulting solid
was washed repeatedly with water and dried. Yielding 1.85 g (96%) of 5-(p-
tolythio)diiminoisoindoline 29 as a pale-white solid, which was used in subsequent reactions
without further purification. '"H-NMR (400 MHz, CD;0D, 25 °C)  7.70 (d, 1H, J=7.9 Hz,), 7.65
(d, 1H,J=1.4Hz,), 7.41 (d, 2H, J=8. 1 Hz,), 7.34 (dd, 1H, J=7.9Hz J = 1,4Hz,), 7.27 (d, 2H,
J = 8.1Hz,), 2.38 (s, 3H,). *C-NMR (100 MHz, CD;OD, 25 °C) & 145.4, 140.7, 135.2, 131.8,
131.4,130.0, 123.0, 121.9, 21.3.

3.2.20. Synthesis and characterisation of (ArS)4-SiPcCl: (30).

HaQ CHs

H3C CH3

750 mg (2.81 mmol) of 5-(p-tolythio)-diiminoisoindoline 29 was dissolved in 7 mL of
quinoline. The system was closed, purged with N, and protected from light. Then 0.7 mL of SiCl4
was added, and the mixture was heated to reflux temperature (200 °C) for 1 hour. The crude
product was precipitated in acetone, filtered and washed repeatedly with acetone. Yielding 757
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mg (99%) of (ArS)4-SiPcCl» 30 as a green solid, which was used without further purification in
subsequent reactions. UV-Vis (CHCl3) Amax/nm: 377, 455, 652, 726.

3.2.21. Synthesis of (ArS)s4-SiPc-(02C-Ar-COz2H): (3).

50 mg (0.045 mmol) of (ArS)4-SiPcCl, (30) and 75 mg (0.450 mmol) of terephthalic acid
were dissolved in 1 mL Tol/NMP (1:1) mixture. The dissolution was heated in a microwave
reactor with constat stirring at constant temperature of 160 °C for 1 hour. The crude reaction was
precipitated in methanol, filtered and purified by size exclusion chromatography (Bio-Beads,
THF). Yielding 19 mg (26%) of the target compound (ArS)s-SiPc-(0>C-Ar-CO>H); (3) as a pure
green solid. "H-RMN (400 MHz, CDCls, 25 °C) § 9.44-9.23 (m, 8H), 8.15-7.96 (m, 4H), 7.71-
7.63 (m, 8H), 7.37 (d, J=7.8 Hz, 8H), 6.93 (d, /= 8.2 Hz, 4H), 5.19 (d, /= 8.2 Hz, 4H), 2.51 (s,
12H). UV/Vis (CHCI3): Ama/nm (log €) 363 (4.69), 448 (4.22), 644 (4.44), 717 (5.20). HR-MS
(MALDI-TOF, dithranol): m/z [M"] calcd. for C76HsoNgO3S4Si 1398.2390, found 1398.2396.

3.2.22. Synthesis of (ArS)s4-SiPc-( O2C-Ar-CH3)2 (9).

ch

Qr/ﬁ_?
= g

ch CH3

O ///,,Egy

CH,

50 mg (0.045 mmol) of (ArS)4-SiPcCl, (30) and 62 mg (0.450 mmol) of 4-methylbenzoic
acid were dissolved in 1 mL Tol/NMP (1:1) mixture. The dissolution was heated in a microwave
reactor with constat stirring at constant temperature of 160 °C for 1 hour. The crude product was
precipitated in methanol, filtered and purified by column chromatography (SiO,, CHCls;/Hexane
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(3:1)). Yielding 28 mg (48%) of (ArS)s-SiPc-( O2C-Ar-CH3),. (9) as a green solid. "TH-NMR (400
MHz, CDCl3, 25 °C) 6 = 9.48-9.35 (m, 8H), 8.15-8.06 (m, 4H), 7.39 (d, /= 7.9 Hz, 8H), 6.09 (d,
J=28.0 Hz, 4H), 5.05 (d, J = 8.0 Hz, 4H), 2.53 (s, 12H), 1.75 (s, 6H). UV/Vis (CHCI3) Amax/nm
(log &) 366 (4.59), 443 (4.18), 614 (3.63), 714 (5.17). HR-MS (MALDI-TOF, dithranol): m/z [M"]
caled. for C76HsaNsO4S4Si 1298.2813, found 1298.2820.

3.2.23. Synthesis and characterisation of 4,5-bis(p-tolylthio)phthalonitrile (31).

HsC

\©\s CN

s:@m
AT

2 g (10.15 mmol) of 5,6-dichlorophthalonitrile, 3.86 g (24.20 mmol) of 4-
methylthiophenol, and 21 g (151,94 mmol) of K,COs; were dissolved in 40 mL of dimethyl
sulfoxide under an argon atmosphere and stirred for 24 hours. The crude product was precipitated
over ice/water and filtered. The solid obtained was washed repeatedly with water and then with
cold ethanol. Yielding 2.61 g (69%) of 4,5-bis(p-tolythio)phthalonitrile 31 as a pale-white solid,
which was used in subsequent reactions without further purification. "H-NMR (400 MHz, CDCl;,
25°C): 6=17,44 (d,4H, J= 8.0 Hz), 7.33 (d, 4H, J= 8.0 Hz,), 6.91 (s, 2H), 2. 46 (s, 6H)."*C-NMR
(100 MHz, CDCls, 25 °C) 6 144.4, 141.3, 135.4, 131.4, 129.3, 124.6, 115.5, 111.2, 21 4.

3.2.24. Synthesis of 5,6-bis(p-tolylthio)-diiminoisoindoline (32).

H3C
[ j NH
S

NH
S
IO
H5;C

1.5 g (4.03 mmol) of 5,6-bis(p-tolythio)phtalonitrile 31 and 0.15 g on MeONa (2.78
mmol) were dissolved in 150 mL of methanol. NH; was bubbled through the solution at the reflux
temperature of methanol (65 °C) for 7 hours. The solvent was then evaporated, and the resulting
solid was washed repeatedly with water and dried. Yielding 1.17 g (75%) of 5,6-bis(p-
tolylthio)diiminoisoindoline 32 as a pale-white solid, which was used in subsequent reactions
without further purification. 'TH-NMR (400 MHz, CD;0D, 25 °C) § = 7.51 (s, 2H,), 7.37 (d, 4H,
J=8.0 Hz), 7.28 (d, 4H, J = 8.0 Hz), 2,39 (s, 6H) ppm. *C-NMR (100 MHz, CD;0D, 25 °C) §
140.5, 134.6, 131.8, 130.2, 123.5, 21.3.
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3.2.25. Synthesis of (ArS)s-SiPcCl: (33).

H3C CH3

‘@@w’v@@’

T
@
O@
Q

600 mg (1.54 mmol) of 5,6-bis(p-tolythio)-diiminoisoindoline 32 was dissolved in 6 mL
of quinoline. The system was closed, purged with N, and protected from light. Then 0.6 mL of
SiCl4 was added. The mixture was heated to reflux temperature (200 °C) for 1 hour. The crude
product was precipitated in acetone, filtered and washed repeatedly with acetone. Yielding 617
mg (99%) of (ArS)s-SiPcCl, (33) as a green solid, which was used without further purification in
subsequent reactions. UV-Vis (CHCIl3) Amax/nm: 381, 468, 673, 752 nm.

3.2.26. Synthesis of (Cl2Ar0O)4-SiPc-(O2C-Ar-CO:H): (4).

N -~
N /N
N _si” SN
>—NTT N=
H3C S 6 0 S CH3
HaC CHs
07 oH

50 mg (0.031 mmol) of (ArS)s-SiPcCl, (33) and 53 mg (0.310 mmol) of terephthalic acid
were dissolved in 1 mL Tol/NMP (1:1) mixture. The mixture was heated in a microwave reactor
with constant stirring at 160 °C for 1 hour. The crude reaction was precipitated in methanol,
filtered and purified by size exclusion chromatography (Bio-Beads, THF). Yielding 21 mg (37%)
of the target compound of (Cl,ArO)s-SiPc-(0,C-Ar-CO,H), (4) as a pure green solid. "H-RMN
(400 MHz, CDCls, 25 °C) 6 =9.07 (s, 8H), 7.60 (d, /= 7.9 Hz, 16H), 7.35 (d, J= 7. 9 Hz, 16H),
6.99 (d, J = 8.5 Hz, 4H), 5.21 (d, J = 8.5 Hz, 4H), 2.51 (s, 24H). UV/Vis (CHCI3): Amax/nm (log
€) 366 (4.69), 463 (4.33), 665 (4.40), 743 (5.19). MS (MALDI-TOF, dithranol): m/z [M"] calcd.
for C104H74NsOsSgSi 1787.3114, found 1787.3124.
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3.2.27. Synthesis of (ArS)s-SiPc-( O2C-Ar-CH3s)2 (10).

CHj

50 mg (0.031 mmol) of (ArS)s-SiPcCl, (33) and 48 mg (0.310 mmol) were dissolved in
1 mL Tol/NMP (1:1) mixture. The mixture was heated in microwave reactor with constant stirring
at 160 °C for 1 hour. The crude reaction was precipitated in methanol, filtered, and purified by
column chromatography (SiO,, CH>Cl). Yielding 27 mg (54%) of (ArS)s-SiPc-( O2C-Ar-CHzs),
(10) as a green solid. '"H-NMR (400 MHz, CDCls, 25 °C) & = 9.05 (s, 8H), 7.57 (d, J = 8.0 Hz,
16H), 7.33 (d, /= 8.0 Hz, 16H), 6.08 (d, /= 8.1 Hz, 4H), 5.01 (d, J= 8.1 Hz ,4H), 2.49 (s, 24H),
1.75 (s, 6H). UV/Vis (CHCI3) Amax/nm (log €) 369 (4.75), 453 (4.42), 661 (2.82), 740 (5.34). MS
(MALDI-TOF, dithranol): m/z [M'] caled. for Cio4sH7sN3O4SgSi calcd. 1787.3741, found
1787.4230.

3.2.28. Preparation of SURMOFs: Zn-Pc 1, Zn-Pc 2, Zn-Pc 3 and Zn-Pc4.

The Zn-SiPc SURMOF thin films were fabricated using a layer-by-layer spin coating
approach. Briefly, a 1 mM ethanolic solution of zinc acetate and a 20 uM solution of SiPc linker
(compounds 1, 2, 3 and 4) in DMF were sequentially deposited onto pre-cleaned silicon
substrates. Prior to deposition, the substrates were cleaned by Ar-H, plasma treatment for 30
minutes. After plasma activation, the substrates were rinsed with absolute ethanol and dried under
a nitrogen stream.

The spin coating process was carried out using a spin coater in a layer-by-layer manner.
Each metal and linker solution were applied for 10 seconds at a rotation speed of 2000 rpm. After
each individual deposition step, the samples were rinsed with ethanol to remove unreacted species
and by-products. A total of 60 deposition cycles were performed to build up the SURMOF
structure with controlled thickness.
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CHAPTER 2: Synthesis of Silicon Phthalocyanines with Azo and Pyridine Substituents in the Axial
Positions for the Generation of SURMOF's

1.Results and Discussions
1.1. Silicon Phthalocyanines for the Synthesis of Novel SURMOFs

In this chapter, the synthesis of three novel silicon phthalocyanines, SiPc 11-13, is
presented, designed for subsequent integration into SURMOF architectures, following the
approach established in Chapter 1. In this case SiPc 11 an SiPc¢ 12, azo-functionalized derivatives
are introduced, whose cis-trans photoisomerization can modulate the optical properties of the
phthalocyanine and, consequently, those of the resulting SURMOF. Given their close structural
and synthetic similarity, compounds 11 and 12 are described sequentially within the same section.
While compound 11 incorporates azo-functionalized axial ligands bearing carboxylic acid groups
to enable light-responsive behavior and potential pore-size modulation in the resulting
SURMOFs, compound 12 introduces fert-butyl substituents at the periphery to enhance solubility
during film fabrication. This approach allows a direct comparison of how peripheral
modifications influence both the synthetic outcome and the subsequent integration into SURMOF
architectures.

Additionally, SiPc 13 incorporates a pyridine group in the axial position, enabling
alternative coordination modes beyond the carboxylic acid linkages of SiPcs 11 and 12 employed
thus far and allowing its combination to produce a new class of SURMOF. The general synthetic
strategy follows the procedure outlined in Scheme 1 of Chapter 1, with specific variations
indicated where appropriate.

1.1.1. Synthesis and Characterization of SiPc-(O-Ar-Azo-Ar-CO:2H): (11) and
(‘Bu)sSiPc-(0-Ar-Azo-Ar-CO:2H)2(12).

In this case, the precursor phthalocyanine SiPcCl, (34)!7° was synthesized starting from
commercially available diiminoisoindoline. The phthalocyanine was obtained through a
cyclotetramerization reaction following the protocol described in the Scheme 1 of section 1.1 and
based on established literature procedures.!” This process is illustrated in Scheme 1 and the
resulting product was characterized by UV-Vis spectroscopy.

NH '\/
_ sioh Qf @
N
CE:ENH Qumollne ‘
Reflux 7 Ng
NH 1h N
Comercial _:5
Cl
34

99%

Scheme 15. Synthesis of SiPcCl,(34).'"

179 a) RD.Joyner ,J. Cekada ,RG. Linck , ME. Kenney. Diphe. Inorg Nucl Chem. 1960,15,387-8. b) F.H. Moser, A.L.
Thomas. Silicon Phthalocyanine. J. Org. Chem., 1963, 28, 961-963.
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The synthesis of SiPc-(O-Ar-Azo-Ar-CHO), (36) was carried out following the
methodology  described in  Chapter 1 section 1.1, wusing a (E)-4-((4-
hydroxyphenyl)diazenyl)benzaldehyde'®® as an axial substituent which had been previously
synthesized. The selected microwave conditions were those that had yielded the highest efficiency
in previous analogous reactions, as detailed in Chapter 1 section 1.1.1. Similarly, the oxidation
procedure employed to obtain the final silicon phthalocyanine was identical to that described in
the same section. This process is illustrated in Scheme 2.

As a result, SiPc-(O-Ar-Azo-Ar-CHO); (36) was obtained in 18% yield, while the final
compound SiPc-(O-Ar-Azo-Ar-CO,;H), (11) was isolated in 53% yield. These moderate yields
are consistent with the outcome of the reaction sequence under the given conditions.

All compounds were characterized by '"H-NMR, MALDI-TOF mass spectrometry, and
UV-Vis spectroscopy (Annex 1).

of
N 35
— |22 70% b ¢ % _N. /f/; Vi
N, ST N 3 =N | N—% HsNSO3, NaCIO, =N LN
NTS N > N Si NE e 4
&\N% M.W:160 °C;170W;1h N7 N THF/H,0 N:;.:N N
cf Toluene §$N 24h §
0

I.L

Scheme 2. Synthesis of SiPc-(0-Ar-Azo-Ar-CHO), (36) and SiPc-(0-Ar-Azo-Ar-CO,H)(11).

Figure 1 shows a comparative analysis of the "H-NMR spectra of SiPc-(O-Ar-Azo-Ar-
CHO), (36) in CDClI; and SiPc-(O-Ar-Azo-Ar-CO:H), (11) in DMSO-ds. Although the different
solvents used for each spectrum, both spectra clearly exhibit the expected signals associated with
the phthalocyanine core and the axial substituents.

180 7. Khayat, H. Zali-Boeini, Dyes Pigment,2018, 159, 337-344.
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A) %

Figure 1. 'TH-NMR spectra of A) SiPc-(O-Ar-Azo-Ar-CHO); (36) in CDCl; and B) SiPc-(O-Ar-Azo-Ar-CO,H), (11) in
DMSO-ds.

In the aldehyde derivative 36 (Figure 1.A), the A and B signals corresponding to the
phthalocyanine core appear as two distinct multiplets between 9.72-9.63 ppm (8H) and 8.45-8.36
ppm (8H), respectively. In the acid derivative 11, the same signals are observed as multiplets too.

Regarding the axial substituents, both compounds show four doublets in similar regions:
7.86 ppm (4H) for K signal, 7.56 ppm (4H) for J signal, 6.29 ppm (4H) for G signal, and 2.59
ppm (4H) for F signal in compound 36. Notably, in compound 11, the F signal is partially
overlapped with the residual DMSO peak, making it less distinguishable. However, the
assignment is supported by the clear observation of this signal at 2.59 ppm in the aldehyde
precursor 36.

Additionally, the aldehyde E signal characteristic of compound 36 is observed as a singlet
at 9.95 ppm (2H), which is absent in compound 11 due to the oxidation of the aldehyde group
into a carboxylic acid. This confirms the successful conversion of the axial substituent through
the oxidation process. The use of DMSO-ds in compound 11 was necessary due to its poor
solubility in CDCI;, attributed to the increased polarity introduced by the carboxylic acid
functionalities.

For the synthesis of the target molecules (‘Bu)sSiPc-(O-Ar-Azo-Ar-CO,H), (12), it was
necessary to first obtain the phthalocyanine precursor (Scheme 3). In this case, the starting
material was a commercially available phthalonitrile, and the procedure was carried out following
the specific reference reported for this compound.'®!

The synthesis of 5-(tert-butyl)-diminoisoindoline (37)'®! was obtained through an
ammoniation reaction as described in Scheme 1 of Chapter 1, with an isolated yield of 56%.

181 RD.Joyner ,J. Cekada ,RG. Linck , ME. Kenney. Diphe. Inorg Nucl Chem. 1960, 15,387-8.
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The compound was characterized by "H-NMR spectroscopy, as detailed in Annex 1.

CN CH3ONa/NH; _sicl %,
Qumollne N
CN CH30H/65 °C Reﬂux
= \

Comercial

56%

\
Q llllm, Z

99%

Scheme 3. Synthesis of 5-(‘Bu)-diminoisoindoline (37) and .(‘Bu).-SiPcCl; (38).7%

Once the diiminoisoindoline was obtained, the synthesis of (‘Bu)s-SiPcCl, (38)'*! was
carried out by cyclotetramerization using the previously described method in Chapter 1 Scheme
1 of section 1.1 and yielding 99%. The characterization of this phthalocyanine was performed

using UV-Vis spectroscopy, showed in Annex 1.

The synthesis of (‘Bu)sSiPc-(O-Ar-Azo-Ar-CHO), (39) was carried out following the
methodology described in Chapter 1 section 1.1, using the axial substituent previously
synthesized and the same MW conditions as their analogue SiPc 36. Similarly, the oxidation
procedure employed to obtain the final silicon phthalocyanine was identical to that described in
the same section (Scheme 4). As a result, (‘Bu)sSiPc-(O-Ar-Azo-Ar-CHO), (39) was obtained
with a yield of 19% and the final compound (‘Bu)sSiPc-(O-Ar-Azo-Ar-CO,H), (12) was isolated
in 86% yield. This increase of yield, when compared to its unsubstituted analogue SiPc 11, may
be attributed to the enhanced solubility conferred by the presence of the bulky fert-butyl groups

on the periphery of the phthalocyanine.

E NQN Ny
35 :
© 70% O y— O >L_
N/&? : N/ S
N N H3NSO3, NaClo, N N
L — N’ H \

i N >
N“F N= MW160°C170W1h 70 N _N= N“s N=

4 §_ 7 s

=5 2 ; < 2 THF/H,O ; =3 2

3 — Toluene — _: — 24h — —
>v I.L 7< >'§ - 7< >v

Scheme 4. Synthesis of (‘Bu),SiPc -(O-Ar-Azo-Ar-CHO), (39) and (‘Bu)4+SiPc-(0-Ar-Azo-Ar-CO,H), (12).
All compounds were characterized by 'H-NMR, MALDI-TOF mass spectrometry, and
UV-Vis spectroscopy (Annex 1).

Figure 2 shows 'H-NMR spectrum of phthalocyanine 12, which is structurally very
similar to its analogue SiPc 11. A slight shift in the characteristic signals is observed, likely due
to the use of a different solvent (CDCls) for the measurement.
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1
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Figure 2. "TH-NMR Spectra of (‘Bu)4SiPc-(O-Ar-Azo-Ar-CO,H),(12) in CDCls.

In the case of SiPc 12, the 'TH NMR spectrum shows correspondence with that of SiPc 11
due to their structural similarity. The phthalocyanine core protons are represented by three signals
(A, B, and C). In this case, signals A and B appear overlapped as a single multiplet between 9.69-
9.49 ppm, integrating for 8H, while signal C is resolved separately as a multiplet at 8.50-8.43
ppm (4H). In the region corresponding to the axial substituents, four doublets are observed in
chemical shift ranges comparable to those reported for SiPc 11, consistent with their analogous
substitution pattern. However, in this case, the use of CDCls as solvent enabled the F signal to be
clearly distinguished at 2.64 ppm (4H), confirming the previous assignment proposed for SiPc
11. Finally, the I signal, corresponding to the fert-butyl substituents at the peripheral positions,
appears as a sharp singlet at 1.85 ppm (36H),

Given their structural resemblance and shared functional groups, a comparative optical
analysis was performed to assess whether the peripheral tert-butyl substituents in SiPe¢ 12 induce
measurable differences in the electronic absorption profile relative to SiPe¢ 11.

Figure 3 presents a comparative analysis of the compounds SiPc-(O-Ar-Azo-Ar-CO;H);
(11) and (‘Bu)4SiPc-(O-Ar-Azo-Ar-CO,H), (12) in THF.
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— 100000 —  ('Bu)4SiPc-(O-Ar-Azo-Ar-COH); (12)
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Figure 3. UV-Vis spectra of SiPc-(O-Ar-Azo-Ar-CO,H), (11) and (‘Bu),SiPc-(O-Ar-Azo-Ar-CO,H), (12) in THF.

The UV-Vis spectrum of phthalocyanine 11 exhibits a Q band maximum at 682 nm. In
contrast, the introduction of four fert-butyl groups at the peripheral positions of the
phthalocyanine ring in compound 12 results in a slight red shift of the absorption maximum to
684 nm. The Soret band remains unchanged for both derivatives, with a maximum at 357 nm.
This minimum red shift can be attributed to the electron-donating nature of the fert-butyl
substituents, which increase electron density on the macrocycle.
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1.1.2. Synthesis and Characterization of SiPc-(O2CPy)2 (13).

The synthesis of the precursor phthalocyanine SiPcCl, (34)!”° was performed following
the procedure described in section 1.1.1. In this case, due to the nature of the axial substituent to
be introduced, the final compound was obtained via nucleophilic substitution of the chlorine
atoms in the axial positions of SiPcCl. (34)!" using pyridine-4-carboxylic acid as the incoming
ligand. The reaction was carried out in a microwave reactor under the optimized conditions
previously described in Chapter 1 section 1.1.1. The final product SiPc-(O.CPy), (13) was
isolated in 47% yield. This process is illustrated in Scheme 5.
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Scheme 5. Synthesis of SiPc-(O,CPy), (13)

SiPc 13 was characterized by 'H-NMR spectroscopy (Figure 4), MALDI-TOF mass
spectrometry, and UV-Vis spectroscopy (Annex 1).

T T T T T T T T T T T T T T T T T T T
9.8 9.6 9.4 9.2 9.0 88 86 8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2 6.0 58 56 5.4 5.2 5.0

Figure 4. "H-NMR spectrum of SiPc-(0,CPy), (13) in CDCl3.

As in the case of SiPc 11 described in Chapter 2 section 1.1.1, the A and B signals,
corresponding to the protons of the phthalocyanine ring, appear as two multiplets in the same
range. The main difference is that, while in SiPc 11 four distinct signals were observed for the
axial substituents, in this case only two are present. These axial protons appear as two doublets,
with the G signal at 7.60 ppm (4H) and the F signal at 5.00 ppm (4H).

After characterization by 'H-NMR, UV-Vis analysis was carried out to provide a more
comprehensive characterization of the target molecule, enabling the evaluation of its optical
properties.
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In Figure 5, the UV-Vis spectrum of SiPc-(O,CPy), (13) in THF is displayed. The Q-
band absorbance maximum appears at 685 nm, while the maximum for the Soret band is observed
at 359 nm.
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Figure 5. UV-Vis spectrum of SiPc-(O,CPy); (13) in THF.

Given the distinctive optical profile of SiPc 13, its electrochemical characterization was
subsequently undertaken to gain insight into its redox behavior for potential optoelectronic
applications.

Figure 6, and table 1 present the electrochemical measurements of the target compound,
it was obtained in THF. The compound exhibited clear and well-defined reversible waves in the
cathodic and anodic regions. The oxidation potential was observed at 0.85 V vs Fc¢/Fc”, while the
reduction potential was measured at -1.864 V vs Fc/Fc.

22 1.7 1.2 0.7 0.2 0.3 0.8
E vs Fc/Fc*(V)
Figure 6. Cyclic voltammetry of SiPc-(0,CPy), (13) in THF using tetrabutylammonium hexafluorophosphate

(BusNPFg) as the supporting electrolyte, platinum wire, glassy carbon, and non-aqueous Ag/AgNQO; as working and
reference electrodes, respectively, with ferrocene (Fc/Fc+) as the internal standard

Compound Eox Eredl *E Homo “*E Lumo  *¥*Eg EQ
(Vvs Fc/Fct) (V vs Fc/Fc™) (eV) (eV) (eV)
SiPc-(0,CPy), (13) 0.85 -1.86 3.95 6.66 2.71

Table 1. SiPc-(O,CPy), (13) electrochemical properties.
*Enomo have been calculated using E nomo (V) =-4.8 - Eox (V vs Fc/Fc™)

**Epumo have been calculated using E Lumo (V) = -4.8 - Eredl (V vs Fc/Fc™)
***Electrochemical band gap energy ***(Eg FQ) values have been estimated using E¢"? = (E romo -E Lumo) eV
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1.2.1. Synthesis and Characterization of SURMOFS of SiPc 11 and 13.

Following the successful synthesis of the target compounds, their potential to form new
coordination frameworks was further explored by extending the methodology described in
Chapter 1, section 1.3.1. For SiPc 11, the SURMOF synthesis was carried out as planned,
whereas SiPc 12 was not evaluated due to its close structural similarity to SiPc¢ 11 and, as
mentioned earlier, the limited time available during the research stay at KIT.

In this case, a novel SURMOF structure was targeted by combining two distinct silicon
phthalocyanines: SiPc-(CO:H),''® and SiPc¢-(0:C-Py), (13), each bearing complementary
ditopic functional groups (carboxylic acid and pyridine, respectively). Based on previous reports,
182 this dual-linker strategy enables the formation of more complex SURMOF architectures
through the simultaneous coordination of both functional groups to zinc ions (Zn*"), yielding
mixed-ligand frameworks.

HO__O

0”0

. N%
N>>:-, N /N:<<
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Figure 7. Structure of SiPc-(CO.H)..

The attempted synthesis of SURMOF followed the procedure described in Chapter 1 of
section 1.3.1, using SiPc-(O-Ar-Azo-Ar-CO;H), (11) as a linker. Characterization of this
SURMOF was attempted using out-of-plane XRD.

Figure 8.A presents a comparison between the experimental out-of-plane XRD pattern
and a theoretical simulation for Zn-SiPc 11. The simulation was generated using CIF data (Annex
3) from previous studies''® as a starting point, with modifications based on our experimental
results. The simulation shows a good match with the experimental data up to three periodicities,
obtaining parameters of a) = b) = 2.8 nm and ¢) = 1.1 nm. When compared with the XRD spectra
reported in Chapter 1 section 1.3.1, it becomes evident that the values of a) = b) are significantly
higher (2.8 nm vs. 2.2 nm). This difference can be attributed to the greater length of the axial
substituent, which induces an expansion of the unit cell parameters.

To further corroborate the successful framework formation and gain complementary
structural information, FT-IRRAS and UV-Vis measurements were subsequently performed.

Figure 8.B presents the FT-IRRAS spectrum of the Zn-SiPc 11 SURMOF. The spectrum
displays the same characteristic peaks as those reported in Chapter 1 section 1.3.1, including the
carboxylate (COO-) group coordinated to zinc, with an asymmetric stretching vibration around
1600 cm™ and a symmetric stretching vibration at 1400 cm™. The Si-N stretching vibration of the

182 M. Kim, Y. Lee, H.R. Moon, Acc. Chem. Res., 2024, 57, 2347—2357.
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phthalocyanine is observed at 1300 cm™, while the C=C and C=N stretching vibrations of the
SiPc ring are also located at 1600 cm™. The out-of-plane deformation of the SiPc ring is detected
at 700 cm™. The most distinctive feature is the appearance of an intense vibrational band
corresponding to the azo group (N=N) of the axial substituents, observed at 1400 cm™. This band
appears as a doublet due to its overlap with the carboxylate stretching vibration. These results
confirm the successful formation of the SURMOF structure.
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Figure 8. A) Predicted structure (black) and experimental out-of-plane X-ray diffraction patterns of Zn-SiPc 11 (red)
SURMOF structure.B) FT-IRRAS spectra of Zn-SiPc 11.

Figure 9 compares the absorption spectra of SiPc 11 in solution with the solid-state
SURMOF Zn-SiPc 11. The solvated SiPc 11 exhibits an intense and sharp Q band at 682 nm.
Upon assembly into the SURMOF, this Q band suffers a bathochromic shift to 699 nm,
corresponding to a 17 nm shift. This shift in the Q band can be considered as a measure of the
strength of the J-type electronic coupling.!”” In addition, a clear shift of the Soret band is observed,
with the maximum of SiPc 11 appearing around 360 nm, while for Zn-SiPc 11 it is shifted to
approximately 420 nm. Furthermore, new absorption features emerge between 550-650 nm,
which may be associated with charge-transfer transitions.
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Figure 9. UV-Vis spectrum of SiPc 11 in CHCI;and Zn-SiPc 11 in solid state.

To further explore the potential of the synthesized linkers, an evaluation was conducted
to determine whether SiPc 13 could also be integrated into a SURMOF structure.

In this case, a novel SURMOF structure was targeted by combining two distinct silicon
phthalocyanines: SiPc-(CO;H),, synthetized previously in our group (Figure 7),''® and SiPc-
(O2C-Py), (13), each bearing complementary ditopic functional groups (carboxylic acid and
pyridine, respectively). Based on previous reports, this dual-linker strategy enables the formation
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of more complex SURMOF architectures through the simultaneous coordination of both
functional groups to zinc ions (Zn**), yielding mixed-ligand frameworks.

To this end, a 1 mM zinc acetate solution in ethanol and a 20 uM solution containing an
equimolar mixture of SiPe-(CO:H); and SiPc-(0,C-Py), (13) in DMF were prepared. Using the
sequential spin-coating method, sixty alternating layers were deposited onto a plasma-treated
silicon substrate to assemble the SiPc 13 + SiPc-(CO:H); film. This approach maintained the
advantages of the previously optimized deposition technique, including high reproducibility and
uniform film growth.

In order to evaluate the structural features of the resulting film, both out-of-plane and in-
plane XRD measurements were performed for this new SURMOF. These analyses aimed to
determine whether the incorporation of two distinct linkers resulted in an ordered crystalline
phase, and to assess the possible orientation and periodicity of the new SURMOF.

116

Figure 10.A presents a comparison of the out-of-plane XRD patterns Zn-SiPc-(CO,H),,
Zn-SiPc¢ 13 and Zn-SiPc 13 + SiPc-(CO:H); experimental out-of-plane X-ray diffraction. Upon
comparison, it is evident that the combination of SiPcs show a significantly difference in the
spectrum when compared to Zn-SiPc 13 and a slightly different spectrum when compared to Zn-
SiPc-(CO,H),.""® Up to five periodicities are observed, resulting in a well-defined spectrum. For
SiPc-(CO,H),,!'® the values of a) = b) = 2.1 nm and ¢) = 1.1 nm. For Zn-SiPc 13 a value of a) =
1.4 nm is obtained, while for the combination of SiPcs, a value of a) = 2.2 nm is obtained.

To complement these results and attempt to determine the missing lattice parameters b)
and c), an in-plane XRD analysis was carried out.

Figure 10.B shows the in-plane XRD spectra for Zn-SiPc 13 + SiPc-(CO:H)..
Measurements were taken every 2° to identify a suitable incident angle for observing the
characteristic reflections of the structure. However, as shown in the spectra, an appropriate
incident angle could not be found. These results suggest that the SURMOF configuration differs
from the previously reported results.''® Consequently, the corresponding values in sections b) and
¢) could not be obtained, preventing a complete characterization of this new SURMOF.
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Figure 10. A) Structure of Zn-SiPc-(CO,H); (Blue)'"® Zn-SiPc 13 (black) and Zn-SiPc 13 + SiPc-(CO,H); (red)
experimental out-of-plane X-ray diffraction. B) 10°-80° structure of Zn-SiPc 13 + SiPc-(CO;H); in-plane X-ray
diffraction.

101



CHAPTER 2: Synthesis of Silicon Phthalocyanines with Azo and Pyridine Substituents in the Axial
Positions for the Generation of SURMOF's

To further corroborate the successful framework formation and gain complementary
structural information, FT-IRRAS and UV-Vis measurements were subsequently performed.

Figure 11 shows the FT-IRRAS spectrum of the Zn-SiPc 13 + SiPc-(CO:H). SURMOF.
As in the case of Zn-SiPc 11, the characteristic carboxylate bands are observed at approximately
1600 cm™ (asymmetric stretching) and 1400 cm™ (symmetric stretching), confirming coordination
with zinc ions. The Si-N stretching vibration of the phthalocyanine is also detected at 1300 cm™,
while the C=C and C=N stretching modes of the SiPc ring appear around 1600 cm™, and the out-
of-plane deformation of the macrocycle is visible at 700 cm™.

In contrast to Zn-SiPc 11, this system does not exhibit the intense azo-related band at
1400 cm™ but instead displays additional vibrational contributions from the pyridine moieties,
with characteristic C=C and C=N stretching at 1600 cm™ and an out-of-plane C-H bending mode
at 750 cm™. These differences highlight the structural influence of the pyridine units in the mixed-
ligand SURMOF. Overall, the spectrum confirms the successful formation of the SURMOF,
although its precise three-dimensional arrangement remains unresolved.
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Figure 11. FT-IRRAS spectra of Zn-SiPc 13 + SiPc-(CO2H).

Figure 12 presents the UV-Vis spectra of solvated SiPc 13 and SiPc-(CO:H): in solvated
state compared to the solid-state SURMOF Zn-SiPc 13 + SiPc-(COzH),. The solvated SiPc 13
exhibits an intense Q band at 685 nm, while for SiPc-(CO:H),,''® the Q band is located at 690
nm. Upon assembly into the SURMOF, this Q band suffers a bathochromic shift to 733 nm,
corresponding to shifts of 43 and 48 nm, respectively. This solvatochromic!”” shift in the Q band
can be considered as a measure of the strength of the J-type electronic coupling. When compared
with previously reported data (Annex 2),'* it is evident that the combination of phthalocyanines
in Zn-SiPc¢ 13 + SiPc-(CO:H); results in lower aggregation than in Zn-SiPc-(CO:H), alone,
where a larger shift of 57 nm was observed.

183 H. Chen, L. Martin-Gomis, Z. Xu, J.C. Fischer, I.A. Howard, D. Herrero, V. Sobrino-Bastan, A. Sastre-Santos, R.
Haldar, C. Woll, Phys. Chem. Chem. Phys., 2023, 25, 19626—19632.
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Figure 12. UV-Vis spectrum SiPc-(CO,H),""® SiPc 11 in solvated in CHCI;and Zn-SiPc 13 + SiPc-(CO,H), in solid
state.
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2.Conclusions:

In this chapter, the successful synthesis and full characterization of the three targeted SiPc
was achieved. These molecules were designed with different axial and peripheral substituents to
fine-tune their electronic, optical, and solubility properties, aiming to assess their potential in two
distinct applications: the development of novel tunable SURMOFs incorporating azo groups, and
the fabrication of a mixed-ligand SURMOF combining carboxylic acid and pyridine
functionalities in the axial positions.

All synthesized compounds were thoroughly characterized by '"H-NMR spectroscopy,
UV-Vis spectroscopy, high-resolution MALDI-TOF mass spectrometry, and, when possible,
electrochemical analysis.

Among the synthesized phthalocyanines, SiPc 11 and SiPc 13 were selected for
evaluation as potential linkers in SURMOF architectures. In contrast, SiPc 12 was not further
investigated due to its high structural similarity with compound 11. Additionally, time limitations
during the research stay at the Institute of Functional Interfaces (IFG) at the Karlsruhe Institute
of Technology restricted the scope of these experiments.

Ultimately, SiPc 11, SiPc 13, and the mixed-ligand system SiPc 13 + SiPc-(CO:H)
successfully formed crystalline and well-ordered SURMOF structures, as evidenced by well-
defined out-of-plane XRD patterns. These films were further characterized by UV-Vis and FT-
IRRAS spectroscopy (except for SiPc 13 alone). The results confirmed both the molecular
integrity and the successful incorporation of functional groups into the SURMOF framework.

As a future direction, it would be of great interest to evaluate whether SiPc 12 is also
capable of forming ordered SURMOF architectures. The tunability of the new azo-containing
SURMOFs under UV light, enabled by the presence of photoresponsive azo units, could open
new avenues for optically switchable materials.

In the case of the mixed SURMOF constructed from SiPc 13 and SiPc-(CO;H); more
detailed structural and functional characterization will be required. To date, no SURMOF
composed of two different SiPc linkers has been reported, making this system particularly novel.
Clarifying its structure and properties is essential for identifying the most suitable application
areas.

The mixed azo SURMOF formed from SiPc 11 and pyridine-functionalized SiPc 13
would be particularly interesting to investigate in future studies. Studying its structure would also
be highly valuable to fully understand and explore its properties.
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3. Experimental Section.

3.1. Materials and Methods

Except for specific cases mentioned, the reagents and solvents used in the synthesis
processes were obtained from commercial suppliers and used without any additional purification.

-Microwave reactor: Microwave reactions were carried out in a CEM microwave reactor,
Discover SP model.

- Chromatographic Techniques: Column chromatography was performed on SiO; (40-63
mm) and Biorad Biobeads SX-3 (200-400 mesh) was used as the stationary phase for Size
Exclusion Chromatography (SEC). TLC plates coated with SiO, 60F254 were visualized under
UV light.

-Nuclear Magnetic Resonance (NMR): NMR spectra were recorded on a Bruker AC 300
or Burker 400 MHz spectrometer at 25 °C, unless otherwise specified using deuterated solvents
and referenced to tetramethylsilane (TMS). Coupling constants (J) are reported in hertz (Hz). The
signals are designated as follows: s = singlet, d = doublet, m = multiplet, and chemical shifts are
given in ppm.

-UV-Vis: The measurements for SiPc in solution were recorded on a Perkin Elmer
LAMDA 365 UV-WinLab spectrophotometers, using spectrosol-grade solvents. For SURMOF
thin films, UV-Vis measurements in the solid state were performed in reflection mode using either
a Cary 5000 UV-Vis/NIR spectrometer equipped with a Universal Measurement Accessory
(UMA) unit from Agilent Technologies, or a PerkinElmer Lambda 950 UV-Vis/NIR spectrometer
equipped with an integrating sphere, allowing accurate determination of the optical response
within the multilayer system.

-Mass spectrometry: High-resolution mass spectra were obtained from a Bruker Reflex II
matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) spectrometer using
dithranol as matrix.

-Electrochemistry: The measurements were performed at 298 K in a conventional three-
electrode cell using an m-AUTOLAB type III potentiostat/galvanostat (Metrohm, Herisau,
Switzerland). Sample solutions (ca. 0.5 mM) were prepared in deaerated PhCN or THEF,
containing 0.10 M tetrabutylammonium hexafluorophosphate (TBAPF¢) as supporting
electrolyte; a glassy carbon (GC) working electrode, an Ag/AgNO; reference electrode, a
platinum wire counter electrode was used, and Ferrocene/ferrocenium was the internal standard
for all measurements.

-X-Ray diffraction (XRD): XRD measurements were performed in both out-of-plane and
in-plane (co-planar) orientations using a Bruker D8-Advance diffractometer equipped with a
Lynxeye position-sensitive detector. The measurements were carried out in 6-20 geometry with a
variable divergence slit, and a 2.3° Soller slit was installed on the secondary side.

-FT-IRRAS: The measurements for IRRAS data were recorded using a Biorad Excalibur
FTIR spectrometer (FTS 3000) equipped with a grazing incidence reflection unit (Biorad Uniflex)
and a narrow band MCT detector.

-Substrate pretreatment: Substrates were cleaned by argon-hydrogen plasma using a
Diener Plasma surface treatment system (airflow: 20 sccm, pure hydrogen) for 30 minutes.
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3.2.1. Synthesis of SiPcCl: (34).17°

o

t@
’N%

lllm,,,I '

Q

750 mg (5.17 mmol) of 1,3-diiminoisoindoline were dissolved in 7 mL of quinoline. The
mixture was purged with N> and protected from light. Then 0.7 ml of SiCl4 was added. The
reaction was heated to reflux temperature (200 °C) for 1 hour. After cooling to 60 °C, 100 mL of
acetone was added, forming a suspension which was filtered hot, obtained a crude solid that was
washed with acetone. Yielding 750 mg (99%) of SiPcCl, (34)!7° as a blue solid, which was used
without further purification in subsequent reactions. UV-Vis (CHCI3) Amax/nm: 355, 371, 636,

710.
3.2.2 Synthesis of (E)-4-((4-hydroxyphenyl)diazenyl)benzaldehyde (35).!8

OH

A solution 1 was prepared in ice-salt bath, maintaining the temperature between -5:0 °C.
For this solution, 610 mg (5.04 mmol) of 4-aminobenzaldehyde was dissolved in 10 mL of pure
water, 5 mL of acetone, and 1.7 mL of 37% HCI. Simultaneously, a solution 2 was prepared in
ice-salt bath maintaining the temperature between -5:0 °C. In this solution, 600 mg (15 mmol) of
NaOH and 588 mg (6.26 mmol) of phenol were dissolved in 6.5 mL of pure water. The mixture
was stirred for 30 minutes. Then, solution 1 was added dropwise to solution 2 over 15 minutes,
resulting in a colour change of the transparent solution to orange. The mixture was stirred until
room temperature. HCl was added until pH 4, obtained a precipitate which was filtered and
washed repeatedly with  water. Yielding 980 mg (70%) of (E)-4-((4-
hydroxyphenyl)diazenyl)benzaldehyde (35)'% as an orange solid.'H-NMR (400 MHz, DMSO-dj,
25°C): 6 =10.09 (s, 1H), 8.09 (d, J = 8.4 Hz, 2H), 7.97 (d, /= 8.4 Hz, 2H), 7.87 (d, J = 8.4 Hz,
2H), 6.97 (d, J = 8.4 Hz, 2H); *C-NMR (100 MHz, DMSO-ds, 25 °C):192.6, 162.4, 155.4, 145.2,
136.7, 130.7, 125.5, 122.6, 116.2.
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3.2.3. Synthesis of SiPc-(O-Ar-Azo-Ar- CHO)z (36).
@

s

odf
™

50 mg (0.080 mmol) of SiPcCl, (34),'” 105 mg (0.49 mmol) of (E)-4-((4-
hydroxyphenyl)diazenyl)benzaldehyde (35)'*° and 30 mg (0.07 mmol) of 1,1'-methylenebis(3-
methylimidazolium) iodide'” were dissolved in 1 mL of dry toluene. The mixture was heated in
microwave reactor with constant stirring at 160 °C for 1 hour. Then toluene was removed, and the
resulting solid was washed with 60 mL of MeOH/H2O (3:1). Subsequently, it was dissolved in
DCM, centrifuged, and the supernatant was concerted. The obtained solid was purified by column
chromatography (SiO,, DCM/THF (90:10)). Yielding 14 mg (18%) of SiPc-(O-Ar-Azo-Ar-
CHO): (36) as a blue solid. 'H-NMR (400 MHz, CDCls, 25 °C) § = 9.95 (s, 2H), 9.72-9.63 (m,
8H), 8.45-8.36 (m, 8H), 7.86 (d, J = 8.5 Hz, 4H), 7.56 (d, J = 8.5 Hz, 4H), 6.29 (d, J = 8.4 Hz,
4H), 2.59 (d, J= 8.4 Hz, 4H). UV-Vis (CHCI3) Amax/nm (log €): 357 (5.04), 612 (4.51), 651 (4.42),
681 (5.27). MS (MALDI-TOF, dithranol): m/z [M] calcd. for CsgH34N1204S1 990.2709 found
990.2601.
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3.2.4. Synthesis of SiPc-(O-Ar-Azo-Ar-CO:zH): (11).

0O

78 mg (0.079 mmol) of SiPc-(O-Ar-Azo-Ar-CHO), (36), was dissolved in 6 mL of
THF/H,O (6:1) mixture. In parallel, 47 mg (0.47 mmol) of H;NSOs and 35 mg (0.31 mmol) of
NaClO, were dissolved in 6 mL of THF/H,O (6:1) mixture. The H3NSO3 and NaClO, solution
was slowly added to the SiPc-(O-Ar-Azo-Ar-CHO), (36), solution. The reaction mixture was
protected from direct light and stirred at room temperature for 24 hours. Then, it was precipitated
in 30 mL of H,O and filtered. The solid was redissolved in THF, dried with Na,SQOs, filtered and
concentrated. The obtained product was washed first 3 times with MeOH and then twice with
CHCl:. Yielding 42 mg (53%) of the target compound SiPc-(O-Ar-Azo-Ar-CO,H); (11) as a pure
blue-green solid. 'H-NMR (400 MHz, DMSO-d., 25 °C) § = 9.77-9.70 (m, 8 H), 8.61-8.54 (m,
8H), 7.86 (d, J = 8.4 Hz, 4H), 7.44 (d, J = 8.4 Hz, 4H), 6.25 (d, J = 8.5 Hz, 4H), 2.66 (d, J = 8.5
Hz, 4H). UV-Vis (CHCl3) Amax/nm (log €): 356 (4.88), 612 (4.35), 6.51(4.29), 682 (5.08). MS
(MALDI-TOF, dithranol): m/z [M] calcd. for CssH34N1206S1 1022.2499 found 1022.6093.

3.2.5. Synthesis of 5-(tert-butyl)-diminoisoindoline (37).!8!

NH
@NH
NH
1 g (5.43 mmol) of 4-tert-butylphtalonitrile and 0.1 g (1.98 mmol) of MeONa were

dissolved in 50 mL of methanol. NH3 was bubbled through the solution at the reflux temperature
of methanol (65 °C) for 11 hours. The solvent was evaporated, and the resulting solid was washed
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repeatedly with water and dried. Yielding 0.45 g (56%) of 5-(tert-butyl)-dimiinoisoindoline
(37)'8! as a pale-white solid, which was used in subsequent reactions without further purification.

'H-NMR (300 MHz, DMSO-ds, 25 °C): & = 7,99 (d, 6H, J = 1,01 Hz,), 1,38 (s, 9H) ppm.

3.2.6. Synthesis of (‘bu)s-SiPcCl2 (38).18!

750 mg (3.75 mmol) of 5-(tert-butyl)-diminoisoindoline 37'%! was dissolved in 7 mL of
quinoline. The system was closed, purged with N, and protected from light. Then 0.8 mL of SiCl4
was added. Then mixture was heated to reflux temperature (200 °C) for 1 hour. The crude product
was precipitated in acetone, filtered and washed repeatedly with acetone. Yielding 772 mg (99%)
of (‘Bu)4-SiPcCl, (38)'34 as a dark blue solid. UV-Vis (CHCl3) Amax/nm: 370, 632, 669, 703.

3.2.7. Synthesis of (‘Bu)4SiPc -(O-Ar-Azo-Ar-CHO): (39).

50 mg (0.061 mmol) of (‘Bu)s-SiPcCl, (38)'*! 78 mg (0.37 mmol) of (E)-4-((4-
hydroxyphenyl)diazenyl)benzaldehyde (35)'*° and 30 mg (0.07 mmol) of 1,1'-methylenebis(3-
methylimidazolium) iodide!” were dissolved in 1 mL of dry toluene. The mixture was heated in
microwave reactor with constant stirring at 160 °C for 1 hour. Then, solvent was evaporated, and
the resulting solid was purified by column chromatography (SiO,, DCM). Yielding 14 mg (19%)
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of (‘Bu)sSiPc-(0-Ar-Azo-Ar-CHO), (39) as a blue solid. "H-NMR (400 MHz, CDCls, 25 °C) & =
9.94 (s, 2H), 9.70-9.50 (m, 8H), 8.48-8.41 (m, 4H), 7.79 (d, J = 8.2 Hz, 4H), 7.55 (d, /= 8.2 Hz
4H), 6.31 (d, J = 8.4 Hz, 4H), 2.62 (d, J = 8.4 Hz, 4H), 1.85 (s, 36H). UV-Vis (CHCL:) Ama/nm
(log ¢): 357 (4.49), 620 (4.20), 681 (4.98). MS (MALDI-TOF, dithranol): m/z [M-] calcd. for
C74H66N1204Si 1214.5100 fOlll’ld 1214.51630.

3.2.8. Synthesis of (‘Bu)4SiPc-(O-Ar-Azo-Ar-CO:H)2(12).
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75 mg (0.062 mmol) of (‘Bu)sSiPc -(O-Ar-Azo-Ar-CHO); (39), was dissolved in 6 mL of
THF/H,O (6:1) mixture. In parallel, 37 mg (0.37 mmol) of H;NSOs and 25 mg (0.25 mmol) of
NaClO; were dissolved in 6 mL of THF/H,O (6:1) mixture. The H3NSO3 and NaClO; solution
was slowly added to the (‘Bu)sSiPc-(O-Ar-Azo-Ar-CHO), (39) solution. The reaction mixture
was protected from direct light and stirred at room temperature for 24 hours. Then, crude of
reaction was precipitated in 30 mL of H»O and filtered. The solid was redissolved in THF, dried
with Na,SOy, filtered and concentrated. The obtained product was washed 3 times with MeOH.
Yielding 66 mg (86%) of the target compound (‘Bu)sSiPc-(O-Ar-Azo-Ar-CO-H), (12) as pure
blue-green solid. "H NMR (400 MHz, CDCI3, 25 °C) & = 9.69-9.49 (m, 8H), 8.50-8.43 (m, 4H),
7.98 (d, J= 8.4 Hz, 4H), 7.49 (d, J = 8.4 Hz, 4H), 6.32 (d, J = 8.4 Hz, 4H), 2.64 (d, /= 8.4 Hz,
4H), 1.85 (s, 36H). UV-Vis (CHCI3) Amax/nm (log €): 357 (4.96), 617 (4.40), 684 (5.12). MS
(MALDI-TOF, dithranol): m/z [M] calcd. for C74HesN1206S 1246.5007 found 1246.6879.
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3.2.9. Synthesis of SiPc-(02CPy): (13).

50 mg (0.080 mmol) of SiPcCl, (34)!” 100 mg (0.80 mmol) of 1,1'-methylenebis(3-
methylimidazolium) iodide !> were dissolved in 1 mL of dry toluene. The mixture was heated in
microwave reactor with constant stirring at 160 °C for 1 hour. The crude reaction was precipitated
in acetonitrile/water (3:1), filtered and purified by column chromatography (SiO,, CHCl;/THF
(1:1)). The obtained product was repeatedly washed with MeOH. Yielding 30 mg (47%) of the
target compound SiPc-(O2CPy), (13) as pure blue solid. "TH-NMR (400 MHz, CDCls, 25 °C) 8 =
9.81-9.72 (m, 8H), 8.50-8.36 (m, 8H), 7.60 (d, J= 8.4 Hz, 4H), 5.00 (d, J= 8.4 Hz, 4H). UV-Vis
(CHCIl3) Amax/nm (log €) = 359 (4.29), 616 (3.94), 685 (4.80). MS (MALDI-TOF, dithranol): m/z
[M] calcd. for C44H24N1004Si caled 784.1757, found 7484.1867.
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CHAPTER 3: Synthesis of Water Soluble Silicon Phthalocyanines for the Generation of
SURMOFs.

1.Results and Discussions

1.1. Silicon Salt Phthalocyanines for SURMOFs.

Following the synthetic achievements described in Chapters 1 and 2, this chapter
focuses on the synthesis of a new series of silicon phthalocyanines. In this case, the molecular
design incorporates two key features: the presence of ditopic groups in axial substituents capable
of forming SURMOF structures, and pyridine moieties as peripheral substituents. The
methylation of the pyridine groups enhances their solubility in polar solvents such as water,
thereby improving the biocompatibility of these compounds for potential applications, as
discussed in the background section.

1.1.1. Synthesis and Characterization of Tetra Pyridinyloxy SiPcs 14, 15 and 16.

For the synthesis of the target molecules, it was first necessary to obtain the
phthalocyanine precursor molecules (Scheme 1). The synthesis 4-(3-pyridyloxy) phthalonitrile
(40) and 5-(3-pyridinyloxy)-1,3-diiminoisoindoline (41) were based on methodologies previously
reported'® following the process described in Chapter 1 section 1.1. Compound 40 was obtained
with a yield of 45%, while compound 41 was isolated in 75% yield. Both precursors were
characterized by 'H-NMR spectroscopy, as shown in Annex 1, exhibiting spectral features
consistent with those reported in the literature.

CN N7 KoCOs N GHz0NaiNH;
+ ) Towsomyg >
O,N CN 0 CN  CHzOH/65 °C
2 RT N
OH | 40

o) Ren
NH Q\”Wl <
sicl N N
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| P 41 1h O s N

Scheme 1. Synthesis of 4-(3-pyridinyloxy) phthalonitrile (40)' and 5-(3-pyridinyloxy)-1,3-diiminoisoindoline (41)%
and (Py0)-SiPcCl, (42).

Once the diiminoisoindoline was synthesized, the preparation of (PyO)s-SiPcCl, (42) was
carried out by cyclotetramerization using the method generally described previously in Chapter
1 section 1.1. and with a yield of 99%. The characterization of this phthalocyanine was performed
by UV-Vis spectroscopy presented in Annex 1.

The synthesis of (Py0)s-SiPc-(0.C-Ar-CHO), (43), (Py0)s-SiPc-(0.C-Ar,-CHO), (44),
(Py0)s-SiPc-(0,C-Ar-CHj3), (45), (Py0)4-SiPc-(0,C-Ar-CO>H), (46) and (PyO)4-SiPc-O,C-Ar»-

184 V. Mantareva, |. Angelov, V. Kussovski, R. Dimitrov, L. Lapok, D. Wohrl, Eur. J. Med. Chem, 2011, 4430-4440.
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CO;H), (47) (Scheme 2) were carried out following the methodology described in Chapter 1
section 1.1, using the same axial substituents as their analogues in this section.

Based on the results previously obtained in MW synthesis, the reaction conditions that
yielded the highest efficiency were selected (as described in Chapter 1 section 1.1.1).

Since the oxidation step showed very similar yields, we focused our comparison on the
axial substitution reactions, where greater variability was observed. The yields obtained for
phthalocyanines 43 and 45 were relatively similar, at 40% and 35%, respectively. However, in
the case of phthalocyanine 44, a significantly lower yield of 21% was obtained. This reduction
may be attributed to the introduction of a bulkier axial substituent in this molecule, which could
increase the steric hindrance around the silicon center and thus reduce the overall reaction
efficiency.

The oxidation step was carried out following the procedure described in Chapter 1
section 1.1.1. However, a substantial modification was introduced due to the strong electron-
donating nature of the peripheral pyridinyloxi substituents. It was observed that reaction times,
longer than 1 hour, led to the partial or complete loss of the axial substituent, resulting in a mixture
of species bearing 0, 1 or 2 axial ligands. Similar phenomena have been reported in literature,
where increased electron density around the silicon center, resulting from electron-donating
peripheral groups, has been associated with a weakening of the Si ligand bond and a greater
propensity for axial ligand exchange under certain conditions.'® This side reaction may be related
to such electronic effects.

185 1. Li, M. Lieberman, Inorg. Chem. 2001, 40, 932-939
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Scheme 2. Synthesis of (Py0)+SiPc-(0,C-Ar-CHO), (43), (Py0)sSiPc-(0,C-Ar,-CHO), (44), (Py0).SiPc -( O,C-Ar-
CH:), (45), (Py0)SiPc (O.C-Ar-COH), (46) and (Py0),SiP- (0;C-Ar,CO.H); (47).

All compounds were characterized by 'H-NMR, MALDI-TOF mass spectrometry, and
UV-Vis spectroscopy (Annex 1). Due to the complexity in assigning the signals, a complementary
COSY was performed on the reference molecule 45

Figure 1 presents the 'H NMR spectra of SiPc 43, 44, and 45. The spectra of the aldehyde
derivatives were analyzed due to their higher solubility, which allowed a clearer observation of
all the characteristic signals. In addition, a 2D COSY spectrum was recorded for the reference
molecule 45 to facilitate the assignment and interpretation of the signals corresponding to the SiPc
core as well as those arising from the peripheral substituents.
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Figure 1. "H-NMR spectrum of A) (PyO)-4SiPc-( O,C-Ar-CHs), (45), B) (PyO)-4SiPc-(0,C-Ar-CO,H), (43) and C)
(PyO)-4SiPc-(0,C-Ar>-CO2H), (44) in CDCI.
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Figure 2. 2D COSY spectrum of (PyQO),SiPc-( O,C-Ar-CHs), (45) in CD;0D.

The signals corresponding to the phthalocyanine ring are observed as three multiplets, A,
B, and C. The COSY analysis of SiPc 45 reveals a strong ortho coupling between signals A and
C, while a weaker meta coupling is detected between signals B and C, confirming that these
resonances belong to the SiPc ring. For the reference SiPc 45, signal A appears between 9.69-
9.52 ppm, signal B between 9.15-9.00 ppm, and signal C between 8.10-7.97 ppm.

117



CHAPTER 3: Synthesis of Water Soluble Silicon Phthalocyanines for the Generation of
SURMOFs.

The analysis of the peripheral pyridine substituents shows four multiplets. Signal D
appears between 8.72-8.58 ppm, with COSY analysis indicating an ortho coupling with signal F
and a meta coupling with signal E. Signal E is located between 8.87-8.74 ppm. Signal F, observed
between 7.61-7.45 ppm, exhibits an ortho coupling with signal G in the COSY spectrum. Finally,
signal G is detected between 7.79-7.65 ppm.

The axial substituents appear as two doublets: signal H at 6.09 ppm and signal I at 5.09
ppm. Lastly, signal M, corresponding to the methyl groups at the axial positions, is observed as a
singlet at 1.74 ppm.

In the case of SiPc 43 and SiPc 44, the most significant difference lies in the presence of
the L signal, corresponding to the aldehyde group in the axial position. This signal is observed as
a singlet at 9.44 ppm for SiPc 43. While in phthalocyanine 42, the L signal also appears as a
singlet but is slightly downfield shifted, at 9.86 ppm.

The phthalocyaninium iodides (MePy*0)4-SiPc-(0.C-Ar-CO,H), (I)4 (48), (MePy O)s-
SiPc-(0,C-Ar-COzH), ()4 (49) and (MePy'0)4-SiPc-(0.C-Ar-CHs), (I')4 (50), were obtained
by alkylation of their precursors with methyl iodide (Scheme 3). In each case, the pyridine rings
react with CHsl to form quaternary pyridinium iodide units, affording the phthalocyaninium salts
in 98%, 80% and 76% yields, respectively. The pyridinium groups greatly enhances solubility in
polar solvents. All three iodide salts were characterized by 'H-NMR, UV-Vis spectroscopy and,
due to the complexity in assigning the signals, a complementary 2D COSY analysis was
performed on the reference molecule 50 (Annex 1).

Subsequently, to obtain the target, (MePy 0)4-SiPc-(0,C-Ar-CO,H), (CH3SOs)s (14),
(MePy+O)4'SiPC'(O2C'Ar2'C02H)2 (CH3SO3’)4 (15) and (MCPy+O)4-SiPC-(OzC-AI’-CH3)2
(CH3S0s7)4 (16), an anion exchange reaction was performed using silver methylsulfonate. This
exchange was specifically carried out to improve the biocompatibility of the final phthalocyanine
salts, since methylsulfonate counterions are known to exhibit lower cytotoxicity and higher
aqueous compatibility compared to halides'®® This process successfully replaced the iodide
counterions of the precursor phthalocyaninium salts with methylsulfonate, affording the final
products in yields of 65%, 67%, and 71%, respectively. All target compounds were characterized
by 'H-NMR and UV-Vis spectroscopy (Annex 1).

186 a) D. Broadwater, M. Bates, M. Jayaram, M. Young, J. He, A. L. Raithel, T. W. Hamann, W. Zhang, B. Borhan, R. R.
Lunt, S. Y. Lunt, Sci. Rep. 2019, 9, 15288 b) J. N. Smith, D. G. Thomas, H. Jolley, V. K. Kodali, M. H. Littke, P.
Munusamy, D. R. Baer, M. J. Gaffrey, B. D. Thrall, J. G. Teeguarden, Part. Fibre Toxicol. 2018, 15, 47
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Scheme 3. Synthesis of (MePy*0),.SiPc-(0,C-Ar-CO5H)» (1)« (48), (MePy*0)..SiPc -(0sC-Ar,-COH)5 (14 (49),
(MePy*0).SiPc -( 0,C-Ar-CHs)s ()4 (50), (MePy*0).SiPc ~(0;C-Ar-CO5H); (CHsSO5)q4 (14), (MePy*0),.SiPc -
(OZC'ArZ'COZH)Z (CH3SO3-)4 (15) and (MePy*O)4.SiPc -( OQC-Af-CH3)2 (CH3SO3_)4 (16)

Figure 3 presents the 'H-NMR spectra of the target molecules (MePy*O)a-SiPc-(0.C-Ar-
CO:H): (CHsSOs57)4 (14), (MePy*0)4-SiPc-(02C-Ar2-COzH). (CH3SOs)4 (15), and (MePy*O)a-
SiPc-(02C-Ar-CHs)2 (CH3SOs57)4 (16). When comparing the reference phthalocyanine 16 with the
precursor SiPc 45, several notable differences can be observed.
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Figure 3. "H-NMR spectrum of B) (Py0")4SiPc-(0.C-Ar-CO.H), (CH3SO5)s (14), C) (Py0*).SiPc-(0,C-Ar,-COH);
(CH3SO05) 4 (15) and A) (PyO*),SiPc-( 0C-Ar-CHs)» (CH3SO5)4 (16) in in CD;0D.

For the phthalocyanine core, the characteristic signals appear as three multiplets (A, B,
and C) in both spectra, although in SiPc 16 the signal C 8.30-8.17 ppm (4H) is slightly shifted
upfield relative to SiPc 45 8.10-7.97 ppm (4H).

In the case of the peripheral pyridinium substituents, the four multiplets (D-G) are
observed in similar regions to those of SiPc 45, but the G signal shows a more pronounced
downfield shift in SiPc 16, appearing at 8.71-8.58 ppm (4H). This effect can be attributed
to the electron-withdrawing influence of the methylated pyridinium units, which reduce
electron density around the aromatic system.

Additional differences are evident in the presence of two new sets of resonances:
signal M, corresponding to the methyl groups of the pyridinium substituents, appears as
a multiplet at 4.58-4.49 ppm (12H), while signal O, associated with the methylsulfonate
counterions, is observed as a singlet at 1.78 ppm (12H). These features confirm the
successful cationic functionalization and counterion exchange.

For SiPc 14 and 185, the spectra show the same main differences with respect to
the precursor SiPc 45, with the disappearance of the singlet corresponding to the aldehyde
group (signal L) due to its conversion into carboxylic acid functionalities. This
transformation provides further confirmation of the successful synthesis of the target
compounds.

To complement the characterization by 'H NMR, UV-Vis spectroscopy was carried out
to provide a more complete description of the optical properties of the target molecules. For this
purpose, the UV-Vis spectra of the reference phthalocyanines 45, 50, and 16 (Figure 4) were
examined in order to assess the effect of methylation and counterion exchange on their absorption
profiles. This strategy was selected on the basis that the influence of axial substituents on the
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optical behavior of these silicon phthalocyanines is minimal, thus allowing the reference
compounds to serve as representative models for the entire series.
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Figure 4. UV-Vis spectrum of (PyQO),-SiPc-( O,C-Ar-CHj3), (45) in CHCl3,(MePy*0O)4.SiPc -( O;C-Ar-CHj), ()4 (50)
and (PyO*)4SiPc-( O,C-Ar-CHj3), (CH3SO5)4 (16) in MeOH.

The UV-Vis spectra of the reference phthalocyanines (MePy*O)as-SiPc-(O2C-Ar-
CH3)2(CH3803')4 (16), (MePy+O)4—SiPC—(OzC—AI‘—CH3)2(I")4 (50), and (Py0)4—SiPC—(02C—AI‘—
CHs)2 (45) show differences in band position and absorption intensity.

Compound 16 displays the weakest spectrum, with a Soret band at 357 nm and a Q band
at 675 nm in methanol. A slight red-shift is observed for 50, with bands at 358 and 679 nm,
possibly reflecting the different influence of iodide compared to methylsulfonate counterions. The
most pronounced shift appears in 45, where the Soret and Q bands are located at 364 and 693 nm
in chloroform. The higher intensity observed in this case may be related to the absence of
methylation in the pyridinium substituents and to the reduced solvation effects of chloroform
compared to methanol.

These results suggest that both counterion effects and the electronic nature of the
substituents, together with solvent polarity, play an important role in tuning the optical response
of this silicon phthalocyanines.
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1.2.1. Synthesis and Characterization of SURMOFS of SiPc 14 and 15.

Following the successful synthesis and characterization of phthalocyanines 14 and 15,
their potential to form new coordination frameworks was investigated using the methodology
described in Chapter 1 section 1.3.1.

In this case, the design of these molecules incorporated pyridinium functional groups at
the periphery, enabling additional electrostatic interactions that could influence the assembly
process, while their ditopic axial ligands were selected to promote coordination with metal ions
for SURMOF formation.

For each compound, a 1 mM zinc acetate solution in ethanol and a 20 uM solution of the
corresponding phthalocyanine in DMF were prepared. Using the sequential spin-coating method,
sixty alternating layers were deposited onto plasma-treated silicon substrates to assemble the
corresponding SURMOF films. This approach preserved the advantages of the previously
optimized deposition method, ensuring high reproducibility and uniform film growth across the
series.

To assess the structural features of the resulting films, out-of-plane XRD measurements
were performed. These analyses aimed to determine whether the presence of pyridinium
substituents and variations in the axial ligands affected the crystalline ordering, orientation, and
periodicity of the SURMOF structures.

The SURMOF for (MePy"0)4.SiPc -(0>C-Ar-CO>H), (CH3SOs)4 (14), as a linker was
synthesized according to the procedure described in Chapter 1 section 1.3.1. The synthesized
material was characterized by out-of-plane XRD.

Figure 5 compares the experimental out-of-plane XRD pattern of the SiPc 14 sample
with the previously described theoretical simulation for Zn-SiPc-(CO2H), ''® Three well-defined
periodicities can be identified in this analysis, although they are shifted relative to the previously
reported values, where a) =b) =2.1 nm and ¢) = 1.1 nm, compared to the experimentally obtained
value of a) = 1.4 nm. This discrepancy in the values suggests that the formed three-dimensional
structure differs from the expected structure for a SURMOF, indicating the need for additional
experiments to characterize its structure with greater precision. Furthermore, the presence of these
well-defined periodicities, with a correlation between the periodicity values (1st periodicity =
1.42 nm, 2nd periodicity = 0.71 nm, and 3rd periodicity = 0.38 nm), suggests the formation of a
MOF, as these distances are consistent with the periodic structure’s characteristic of these
materials.'’

187 . Marti-Rujas, Dalton Trans. 2020, 49, 14078-14087.
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Figure 5. Predicted structure of Zn-SiPc-(CO,H); " (black) and experimental out-of-plane (red) X-ray diffraction
patterns of Zn-SiPc 14 SURMOF structure.

For the SURMOF (MePy*0)4-SiPc-(0,C-Ar-CO:H), (CH3SO3)4 (15), synthesized as their
analogue for SiPc 14. The synthesized material was characterized by out-of-plane XRD.
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Figure 6 shows a comparison between the experimental out-of-plane XRD pattern of Zn-
SiPc 15 and its corresponding theorical simulation. This simulation was generated using CIF data
from previous studies''® (Annex 3) as a starting point, with the structural parameters refined in
accordance with the results obtained for Zn-SiPc 11 in Chapter 2, due to the presence of a longer
axial substituent in Zn-SiPc 15, which is expected to increase the lattice parameters a) and b). The
predicted values were a) = b) = 2.8 nm and ¢) 1.1 nm. However, the experimental results only
show one periodicity with a value of a) = 1.7 nm, and no additional periodicity or matches with
the theoretical simulation were detected. This suggests that the formation of a SURMOF using
SiPc 15 as a linker was unsuccessful and not align with the theoretical structures predicted for
such materials.'®’

d=17A

. : : | :
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Figure 6. Predicted structure (black) and experimental out-of-plane (red) X-ray diffraction patterns of Zn-SiPc 15
SURMOF.
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2.Conclusions.

In this work, the synthesis and complete characterization of two target phthalocyanine
salts were successfully achieved. These compounds were designed with different axial
substituents to modulate their ability to form SURMOF-type structures.

All molecules were thoroughly characterized by 'H-NMR spectroscopy, UV-Vis
spectroscopy, HR-MALDI-TOF mass spectrometry, and electrochemical studies.

XRD analysis revealed that SiPc 14 formed more defined structures compared to SiPc 15,
although both compounds exhibited a certain degree of periodicity, suggesting the formation of
SURMOF-like architectures. However, when comparing the diffraction patterns of SiPc 14 and
15 with theoretical predictions, clear discrepancies were observed, indicating that the assembled
structures differ from the expected models likely due to the presence of pyridinium peripheral
groups.

In light of these findings, a more comprehensive structural characterization will be
required to elucidate the three-dimensional architecture of the resulting SURMOFs. Once this
information is available, the materials will be further analyzed by UV-Vis and FT-IRRAS
spectroscopy, as described in Chapters 1 and 2.

Subsequently, these new SURMOFs will be evaluated for their bactericidal activity, in
order to identify the most appropriate applications based on their functional properties.
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3.Experimental Section.

3.1. Materials and Methods

Except for specific cases mentioned, the reagents and solvents used in the synthesis
processes were obtained from commercial suppliers and used without any additional purification.

-Microwave reactor: Microwave reactions were carried out in a CEM microwave reactor,
Discover SP model.

-Chromatographic Techniques: Column chromatography was performed on SiO, (40-63
mm) and Biorad Biobeads SX-3 (200-400 mesh) was used as the stationary phase for Size
Exclusion Chromatography (SEC). TLC plates coated with SiO, 60F254 were visualized under
UV light.

-Nuclear Magnetic Resonance (NMR): NMR spectra were recorded on a Bruker AC 300
or Burker 400MHz spectrometer at 25 °C, unless otherwise specified using deuterated solvents
and referenced to tetramethylsilane (TMS). Coupling constants (J) are reported in hertz (Hz). The
signals are designated as follows: s = singlet, d = doublet, m = multiplet, and chemical shifts are
given in ppm.

-UV-Vis: The measurements for SiPc dissolution were recorded on Perkin Elmer
LAMDA 365 UV-WinLab spectrophotometers, using spectrosol-grade solvents.

-Mass spectrometry: High-resolution mass spectra were obtained from a Bruker Reflex II
matrix-assisted laser desorption/ ionization time-of-flight (MALDI-TOF) spectrometer using
dithranol as matrix.

-X-Ray diffraction (XRD): The XRD measurements for out-of-plane (co-planar
orientation) were carried out using a Bruker D8-Advance diffractometer equipped with a position
sensitive detector Lynxeye in geometry, variable divergence slit, and 2.3° Soller-slit was used on
the secondary side.

-Substrate pretreatment: Substrates were cleaned by argon-hydrogen plasma using a
Diener Plasma surface treatment system (airflow: 20 sccm, pure hydrogen) for 30 minutes.
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3.2.1. Synthesis of 4-(3-pyridinyloxy)phthalonitrile (40).!34

1 g (5.7 mmol) of 4-nitrophthalonitrile 0.65 g (6.8 mmol) of 3-hydroxypyiridine and
K>COs were dissolved in 20 mL of DMSO under an inert atmosphere for 24 hours. The crude
product was precipitated over ice/water and filtered. The solid obtained was washed repeatedly
with water. Yielding 0.56g (45%) of 4-(3-pyridyloxy)phthalonitrile (40)'** as spongy white solid,
which was used without further purification. 'H-NMR (200 MHz, DMSO-dy, 25 °C): § = 8.52 (m,
1H), 8.40 (s, 1H), 8.12 (d, 1H), 7.9 (dd, 1H), 7.71 (m, 1H), 7.54 (m, 1H), 7.49 (dd, 1H).

3.2.2. Synthesis of 5-(3-pyridyloxy)-diiminoisoindoline (41).!84

NH

| I NH
\O

N NH
=

500 mg (2.76 mmol) of 4-(3-pyridyloxy)phtalonitrile (40)'** and 50 mg of MeONa were
dissolved in 100 mL of MeOH. NH3 was bubbled through the mixture suspension at the reflux
temperature of methanol (65 °C) for 8 hours. The reaction mixture turned a slightly greenish
colour. The solvent was evaporated, and the resulting solid was washed repeatedly with water.
Yielding 490 mg (75%) of 4-(3-pyridyloxy)-diiminoisoindoline (41)'%* as a greenish crystalline
powder which was used in subsequent reactions without further purification. "H-NMR (200 MHz,
DMSO-ds, 25 °C): § = 8.62 (m, 2H), 7.84 (d, 1H), 7.49 (m, 3H), 7.1 (dd, 1H), 3.79-3.59 (m, 3H,

NH).

3.2.3. Synthesis of (Py0)s-SiPcCl2 (42).

500 mg (2.13 mmol) of 4-(3-pyridyloxy)-diiminoisoindoline (41) was dissolved in 5 mL
of quinoline. The system was closed, purged with N, and protected from light. Then 0.5 mL of
SiCly was carefully added, and the mixture was heated to reflux temperature (200 °C) for 1 hour.
The crude product was precipitated in acetone, filtered and washed repeatedly with acetone.
Yielding 700 mg (99%) of (PyO)s-SiPcCl, (42) as a green solid which was used without further
purification in subsequent reactions. UV-Vis (DMSO) Ama/nm: 358, 374, 613, 632, 659, 682,

702.
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3.2.4. Synthesis of (Py0)4-SiPc(O:2C-Ar-CHO): (43).

50 mg (0.051 mmol) of (PyO)s-SiPcCl; (42), 23 mg (0.15 mmol) of 4-formylbezoic acid,
30 mg (0.07 mmol) of 1,1'-methylenebis(3-methylimidazolium) iodide!” were dissolved in 1 mL
of dry toluene. The mixture was heated in microwave reactor with constant stirring at 160 °C for
1 hour. Then toluene was removed, and the resulting solid was washed with 60 mL of MeOH.
The obtained solid was purified by column chromatography (SiO,, CH,Cl,/THF (1:1)) The
obtained product was repeatedly washed with ethanol. Yielding 25 mg (40%) of (PyO)sSiPc-
(02C-Ar-CHO), (43) as a blue-green solid. 'H-NMR (400 MHz, CDCls, 25 °C) 6 = 9.71 -9.51
(m, 4H), 9.44 (s, 2H), 9.16-9.00 (m, 4H), 8.87-8.75 (m, 4H), 8.70-8.61 (m, 4H), 8.15-7.99 (m,
4H), 7.80-7.67 (m, 4H), 7.60-7.47 (m, 4H), 6.82 (d, J= 8.4 Hz, 4H), 5.29 (d, /= 8.4 Hz, 4H).UV-
Vis (THF) Ama/nm (log €): 363 (4.77), 623 (4.46), 693 (5.26). MS (MALDI-TOF, dithranol): m/z
[M] caled. for CsgH3sN12010Si 1210.2608 found 1210.3716.
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3.2.5. Synthesis of (PyO)4-SiPc -(02C-Ar2-CHO): (44).

H™ ~O

100 mg (0.101 mmol) of (PyO)s-SiPcCl; (42), 92 mg (0.407 mmol) of of 4‘-formyl-[1,1°-
biphenyl]-4-carboxylic acid 20,'° 30 mg (0.07 mmol) 1,1'-methylenebis(3-methylimidazolium)
iodide'” were dissolved in 2 mL of dry toluene. The mixture was heated in microwave reactor
with constant stirring at 160 °C for 1 hour. Then toluene was removed, and the resulting solid was
washed with 60 mL of MeOH. The obtained solid was purified by column chromatography (SiO»,
CH,CI/THF (1:1)). The obtained product was repeatedly washed with ethanol. Yielding 30 mg
(21%) (Py0)4SiPc -(02C-Ar,-CHO), (44) as a blue-green solid. 'H-NMR (400 MHz, CDCl;,25
°C) 6 =9.86 (s, 2H), 9.73-9.55 (m, 4H), 9.17-9.02 (m, 4H), 8.89-8.77 (m, 4H), 8.74-8.64 (m, 4H),
8.14-7.98 (m, 4H), 7.86-7.67 (m, 4H), 7.73 (d, J = 8.4 Hz, 4H), 7.59-7.46 (m, 4H), 7.17 (d, J =
8.4 Hz, 4H), 6.58 (d, /= 8.4 Hz, 4H), 5.26 (d, /= 8.4 Hz, 4H). UV-Vis (DMSO) Ama/nm (log ¢):
357 (4.78), 374 (4.60), 632 (4.36), 702 (5.12). MS (MALDI-TOF, dithranol): m/z [M] calcd. for

CsoHa6N12010S1 1362.3245found 1362.3155.
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3.2.6. Synthesis of (Py0)4-SiPc -( O2C-Ar-CHa):2 (45).

CHs

CHj

50 mg (0.051 mmol) of (PyO)s-SiPcCl; (42), 41 mg (0.302 mmol) of 4-formylbezoic acid,
30 mg (0.07 mmol) 1,1'-methylenebis(3-methylimidazolium) iodide'” were dissolved in 1 mL of
dry toluene. The mixture was heated in microwave reactor with constant stirring at 160 °C for 1
hour. Then toluene was removed, and the resulting solid was washed with 60 mL of MeOH. The
obtained solid was purified by column chromatography (SiO,, CH>Cl,/THF (7:3)) The obtained
product was repeatedly washed with acetone. Yielding 21 mg (35%) of (PyO)4SiPc -( O,C-Ar-
CHj3) (45) as blue-green solid. 'H-NMR (400 MHz, CDCls, 25 °C) § = 9.69-9.52 (m, 4H), 9.15-
9.00 (m, 4H), 8.87-8.74 (m, 4H), 8.72-8.58 (m, 4H), 8.10-7.97 (m, 4H), 7.79-7.65 (m, 4H), 7.61-
7.45 (m, 4H), 6.09 (d, J = 8.0 Hz, 4H), 5.05 (d, J = 8.0 Hz, 4H), 1.76 (s, 6H). UV-Vis (THF)
Amax/nm (log &): 364 (4.74), 622 (4.43), 693 (5.19). MS (MALDI-TOF, dithranol): m/z [M] calcd.
for CesH4xN1205Si 1182.3026 found 1182.3967.

3.2.7. Synthesis of (Py0)4-SiPc (0:C-Ar-CO:H): (46).

HO.

70 mg (0.057 mmol) of (PyO)4-SiPc-(0,C-Ar-CHO), (43) was dissolved in 6 mL of
THF/H0 (6:1) mixture. In parallel, 17 mg of HsNSO3 (0.17 mmol) and 35 mg of NaClO; (0.14
mmol) were dissolved in 6 mL of THF/H,O (6:1) mixture. The H3NSO; and NaClO; solution was
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slowly added to the (PyO)4SiPc-(O,C-Ar-CHO), (43) solution. The reaction was protected from
direct light and stirred at room temperature for 45 minutes. Then, it was precipitated in 30 mL of
H,O and filtered. The solid was redissolved in THF, dried with Na,SO4 and concentrated. The
obtained solid was washed sequentially with DCM, acetone, and MeOH. Yielding 60 mg (85%)
of (Py0)sSiPc (O.C-Ar-CO,H), (46) as a blue-green solid. 'H-NMR (400 MHz, DMSO-ds, 25
°C) 8 =9.80-9.59 (m, 4H), 9.20-8.93 (m, 4H), 8.90-8.80 (m, 4H), 8.75-8.65 (m, 4H), 8.34 -8.16
(m, 4H), 7.59-7.46 (m, 4H), 6.88 (d, J = 8.5 Hz, 4H), 5.08 (d, J = 8.5 Hz, 4H). UV-Vis (THF)
Amax/nm (log €): 361 (4.56), 620 (4.21), 686 (4.90). MS (MALDI-TOF, dithranol): m/z [M] calcd.

for C63H33N120128i 1242.2508 found 1242.2434.

3.2.8. Synthesis of (Py0)4-SiPc (02C-Ar2-COzH): (47).

O OH
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25 mg (0.018 mmol) of (PyO)4-SiPc -(O,C-Ar,-CHO), (44), was dissolved in 6 mL of
THF/H,O (6:1) mixture. In parallel, 12 mg of HsNSOj3 (0.12 mmol) and 29 mg of NaClO, (0.10
mmol) were dissolved in 6 mL of THF/H»O (6:1) mixture. The H;NSO3 and NaClO, solution was

slowly added to the (PyO)4SiPc -(O,C-Ar,-CHO), (44), solution. The reaction was protected from
direct light and stirred at room temperature for 45 minutes. Then, it was precipitated in 30 mL of
H,O and filtered. The solid was redissolved in THF, dried with Na,SO4 and concentrated. The
obtained solid was washed sequentially with DCM, acetone, and MeOH. Yielding 24 mg (95%)
of (Py0)4SiPc (O2C-Ar,-CO>H), (47) as blue-green solid. 'H-NMR (400 MHz, DMSO-dj, 25 °C)
8 =9.73-9.59 (m, 4H), 9.17-8.98 (m, 4H), 8.89-8.75 (m, 4H), 8.71-8.56 (m, 4H), 8.31-8.12 (m,
4H), 8.03-7.90 (m, 4H), 7.80-7.67 (m, 8H), 7.20 (d, J = 8.2 Hz, 4H), 6.75 (d, J = 8.2 Hz, 4H),
5.11 (d, J = 8.2 Hz, 4H). UV-Vis (THF) Ana/nm (log €): 361 (4.56), 620 (4.21), 686 (4.90). MS
(MALDI-TOF, dithranol): m/z [M] caled. for CgoHasN12012Si 1395.3182 found 1395.3746.
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3.2.9. Synthesis of (MePy*0)s-SiPc-(02C-Ar-CO2H): (I')4 (48).

HO O 41©

=N +
\ @[:j‘—CH::,
O
—/
+—N ,\&7
’ N -/N \

60 mg (0.048 mmol) of (PyO)s-SiPc (0,C-Ar-CO,H), (46), was dissolved in 4 mL of
DMEF. The atmosphere was made inert, and 0.5 mL (9.65 mmol) of methyl iodide was added. The
mixture was heated to 50 °C and allowed to react overnight. Then, the crude reaction mixture was
kept under vacuum for 24 hours to remove excess methyl iodide. Finally, the solvent was
removed, and the resulting solid was washed first with DCM and then with a DCM: Acetone (1:1)
mixture. Yielding 80 mg (98%) of (MePy 0)s-SiPc-(0,C-Ar-CO,H), (I')4 (48) as a blue-green
solid. 'TH-NMR (400 MHz, MeOD, 25 °C) § = 9.96-9.75 (m, 4H), 9.66-9.45 (m, 4H), 9.28-9.12
(m, 4H), 8.92-8.76 (m, 4H), 8.70-8.50 (m, 4H), 8.43-8.13 (m, 8H), 6.85 (d, J= 8.5 Hz, 4H), 5.03
(d, J = 8.5 Hz, 4H), 4.60-4.49 (m, 12H). ). UV-Vis (MeOH) Amax/nm (log ¢): 356 (4.77), 614
(4.35), 678 (5.09).

3.2.10. Synthesis of (MePy*0)s-SiPc-(02C-Ar2-CO:2H): (I')4 (49).

>NTF N=
1 — =N R
o~ 3 =X
— -~
1+ (@) (0] N —
v LN Crs
C
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48 mg (0.034 mmol) of (PyO)s4SiPc (O.C-Ar-CO,H), (47), was dissolved in 4 mL of
DMF. Then an inert atmosphere was established, and 0.5 mL (9.65 mmol) of methyl iodide was
added. The mixture was heated to 50 °C and stirred overnight. Subsequently, the crude reaction
was placed under vacuum for 24 hours to remove excess methyl iodide. Finally, the solvent was
removed, and the resulting solid was washed sequentially with DCM and then with a DCM:
Acetone (1:1) mixture. Yielding 40 mg (80%) of (PyO")4SiPc-(0,C-Ar,-CO-H), (I')4 (49) as a
blue solid. '"H-NMR (400 MHz, MeOD, 25 °C) & = 9.97-9.77 (m, 4H), 9.70-9.49 (m, 4H), 9.32-
9.15 (m, 4H), 8.96-8.79 (m, 4H), 8.70-8.50 (m, 4H), 8.47-8.14 (m, 8H), 7.81 (d, J= 8.2 Hz, 4H),
7.18 (d,J=8.2Hz,4H), 6.71 (d,J=8.4 Hz,4H), 5.22 (d, /= 8.4 Hz, 4H), 4.60-4.49 (m, 12H).UV-
Vis (MeOH) Amax/nm (log €): 356 (4.74), 614 (4.34), 678 (5.03).

3.2.11. Synthesis of (MePy"0)4-SiPc-( O2C-Ar-CHz)2 (I)4 (50).

CHs

N Si °N
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|
CHs
CHs

15 mg (0.013 mmol) of (PyO)s-SiPc -( O,C-Ar-CHs), (45), was dissolved in 2 mL of
DMEF. Then an inert atmosphere was established, and 0.1 mL (1.93 mmol) of methyl iodide was
added. The mixture was heated to 50 °C and stirred overnight. Subsequently, the crude reaction
was placed under vacuum for 24 hours to remove excess methyl iodide. Finally, the solvent was
removed, and the resulting solid was washed sequentially with DCM and then with a DCM:
Acetone (1:1) mixture. Yielding 16 mg (76%) of (MePy*0)4-SiPc-( O2C-Ar-CHs): (I)4 (50) as a
blue solid. "H-NMR (400 MHz, MeOD, 25 °C) & = 9.95-9.81 (m, 4H), 9.79-9.53 (m, 4H), 9.28-
9.11 (m, 4H), 8.91-8.77 (m, 4H), 8.69-8.49 (m, 4H), 8.44-8.30 (m, 4H), 8.29-8.11 (m, 4H), 6.15
(d, J=8.2 Hz, 4H), 4.96 (d, J = 8.2 Hz, 4H), 4.60-4.49 (m, 12H), 1.75 (s, 6H). UV-Vis (MeOH)
Amax/nm (log €): 356 (4.74), 614 (4.34), 678 (5.03).
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3.2.12. Synthesis of (MePy"0)4-SiPc-(02C-Ar-CO2H)2 (CH3SO3)4 (14).

HO O o
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80 mg (0.047 mmol) of (MePy"0)4-SiPc-(0,C-Ar-CO,H), (I)+ (48) and 37 mg (0.18
mmol) of AgSO;CH3 were dissolved in 20 mL of methanol. The reaction mixture was heated to
30 °C and stirred for 2 hours. Then, the mixture was filtered to remove the silver. The filtrate was
concentrated and washed sequentially with DCM, acetone and DCM/ EtOH (3:1) mixture.
Yielding 49 mg (65%) of the target compound ((MePy'0)4-SiPc-(0.C-Ar-CO,H), (CH3SO3)4
(14) as a pure blue solid. '"H-NMR (400 MHz, MeOD, 25 °C) & = 10.01-9.80 (m, 4H), 9.64-9.45
(m, 4H), 9.32-9.17 (m, 4H), 8.95-8.81 (m, 4H), 8.71-8.57 (m, 4H), 8.48-8.16 (m, 8H), 6.92 (d, J
= 8.2 Hz, 4H), 5.10 (d, J = 8.2 Hz, 4H), 4.60-4.49 (m, 12H). ) 2.70 (s, 12H). UV-Vis (MeOH)
Amax/nm (log €): 356 (4.93), 614 (4.50), 678 (5.22).

3.2.13. Synthesis of (MePy*0)4-SiPc-(02C-Ar2-CO:2H)2 (CH3SO3)s (15).
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20 mg (0.014 mmol) of (MePy*0)4-SiPc-(02C-Ar:-CO>H), (I))4 (49) and (0.18 mmol) of
AgSO;CH3 were dissolved in 20 mL of methanol. The reaction mixture was heated to 30 °C and
stirred for 2 hours. Then, the mixture was filtered to remove the silver. The filtrate was
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concentrated and washed sequentially with DCM, acetone and DCM/ EtOH (3:1) mixture.
Yielding 12 mg (67%) of the target compound (MePy 0)4-SiPc-(02C-Ar,-CO,H), (CH3SO5)4
(15) as a pure blue solid. 'H-NMR (400 MHz, MeOD, 25 °C) § = 9.98-9.77 (m, 4H), 9.65-9.47
(m, 4H), 9.32 (m, 4H), 8.94-8.80 (m, 4H), 8.71-8.54 (m, 4H), 8.48-8.16 (m, 8H), 7.82 (d, /= 8.4
Hz, 4H), 7.19 (d, J = 8.4 Hz, 4H), 6.72 (d, J = 8.4 Hz, 4H), 5.24 (d, J = 8.4 Hz, 4H), 4.60-4.49
(m, 12H), 2.70 (s, 12H). UV-Vis (MeOH) Amax/nm (log €): 356 (4.76), 614 (4.35), 679 (5.05).

3.2.14. Synthesis of (MePy*0)4-SiPc-(02C-Ar-CHs)2 (CH3SO03)4 (16).

CH3;
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10 mg (0.006 mmol) of (MePy+0O)4-SiPc-( O>C-Ar-CHsy, (I)4 (50) and 4 mg (0.18 mmol)
of AgSO3;CH3 were dissolved in 10 mL of methanol. The reaction mixture was heated to 30 °C
and stirred for 2 hours. Then, the mixture was filtered to remove the silver. The filtrate was
concentrated and washed sequentially with DCM, acetone and DCM/ EtOH (3:1) mixture.
Yielding 7 mg (71%) of (MePy*0)s-SiPc-(02C-Ar-CHj3), (CH3SO57)4 (16) as a blue solid. 'H-
NMR (400 MHz, MeOD, 25 °C) 6 = 9.99-9.83 (m, 4H), 9.62-9.44 (m, 4H), 9.30-9.20 (m, 4H),
8.92-8.83 (m, 4H), 8.71-8.58 (m, 4H), 8.46-8.31 (m, 4H), 8.30-8.17 (m, 4H), 6.17 (d, /= 8.2 Hz,
4H), 4.98 (d, J = 8.2 Hz, 5H), 4.58-4.49 (m, 12H), 2.70 (s, 12H), 1.78 (s, 6H). UV-Vis (MeOH)
Amax/nm (log €): 357 (4.49), 608 (4.09), 675 (4.83).

3.2.15. Preparation of SURMOFs: Zn-Pc 14 and Zn-Pc 15.

The Zn-SiPc SURMOF thin films were fabricated using a layer-by-layer spin coating
approach. Briefly, a 1 mM ethanolic solution of zinc acetate and a 20 uM solution of SiPc linker
(compounds 14 and 15) in DMF were sequentially deposited onto pre-cleaned silicon substrates.
Prior to deposition, the substrates were cleaned by Ar-H, plasma treatment for 30 minutes. After
plasma activation, the substrates were rinsed with absolute ethanol and dried under a nitrogen
stream.

The spin coating process was carried out using a spin coater in a layer-by-layer manner.
Each metal and linker solution were applied for 10 seconds at a rotation speed of 2000 rpm. After
each individual deposition step, the samples were rinsed with ethanol to remove unreacted species
and by-products. A total of 60 deposition cycles were performed to build up the SURMOF
structure with controlled thickness
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1. Conclusions.

In this work, the synthesis and complete characterization of sixteen silicon
phthalocyanines with diverse axial and peripheral substituents was successfully accomplished.
These compounds were rationally designed to modulate their electronic, optical, and solubility
properties, aiming at three main application fields: SURMOFs whit optoelectronic devices, the
development of novel SURMOF architectures and bactericide and water soluble SURMOFs.

All synthesized molecules were thoroughly characterized by '"H-NMR spectroscopy, UV-
Vis spectroscopy, high-resolution MALDI-TOF mass spectrometry, and, when applicable,
electrochemical measurements. For pyridinium salt derivatives, additional 2D COSY experiments
were carried out to assist in the assignment of complex proton signals and confirm the expected
structures.

These SiPcs were evaluated as potential linkers for SURMOFs. Compounds such as
(ArS)4-SiPc-(0,C-Ar-CO;H), (3), SiPc-(O-Ar-Azo-Ar-CO:H), (11), and the mixed-ligand
system SiPc¢ 13 + SiPc-(CO:H), yielded crystalline, well-ordered SURMOF structures, as
confirmed by out-of-plane XRD and complementary techniques including UV-Vis and FT-
IRRAS spectroscopy.

Of particular interest is the mixed-ligand SURMOF composed of SiPc 13 + SiPc-
(CO:H);, which represents, to the best of our knowledge, the first reported SURMOF
incorporating two distinct silicon phthalocyanine linkers.

Furthermore, specific electronic trends were identified: (Cl,ArO)s-SiPc-(O2C-Ar-CHz),
(8) exhibited the highest electron-accepting character, while (ArS)s-SiPc-(O,C-Ar-CHs), (10)
showed the strongest electron-donating behavior, in agreement with UV-Vis and electrochemical
results. These findings validate the donor-acceptor design approach employed.

Overall, the systematic variation of substituents has demonstrated the versatility of the
synthetic strategy, providing a robust platform for tailoring the properties of SiPcs for advanced
functional materials.
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2.Future Perspectives

Future research should focus on:

Extending SURMOF screening to structurally similar but unexplored derivatives, such as
SiPc 1, SiPc 2, SiPc 4, SiPc 12, SiPc 14 and Zn-SiPc 15 to confirm their ability to form ordered
frameworks.

Elucidating the structure of the mixed-ligand SURMOF based on SiPc 13 + SiPc-
(CO:H): through advanced characterization techniques

Exploring photoresponsive behavior in azo-containing SURMOFs under controlled
irradiation, for Zn-SiPc 11 and Zn-SiPc 12 with the goal of developing light-switchable materials.

Integrating selected SURMOFs into functional devices, such as photodetectors or sensors,
to evaluate their real-world optoelectronic performance.

Studying stability and processability in aqueous and physiological media for potential
biomedical or environmental applications for Zn-SiPc 14 and Zn-SiPc 15

By pursuing these directions, the foundation laid in this work can lead to new generations
of multifunctional, tunable, and application-oriented phthalocyanine-based SURMOFs.
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TH-NMR of 4-(2,6-dimethylphenoxy)phthalonitrile(17).!74
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Figure 1. "H-NMR spectra of 4-(2,6-dimethylphenoxy)phthalonitrile (17)'"* in DMSO-de.

TH- NMR of 5-(2,6-dimethylphenoxy)-1,3-diiminoisoindoline(18).
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Figure 2. "H-NMR spectra of 5-(2,6-dimethylphenoxy)-1,3-diiminoisoindoline (18) in DMSO-de.

UV-Vis of (Ar0)+-SiPcCl: (19).
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Figure 3. UV-Vis spectra of (ArO)+SiPcCl,.
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HR-MALDI TOF, UV-Vis and 'H- NMR (Ar0):-SiPc-(0:C-Ar-CHO): (21).
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Figure 4. HR-MALDI TOF mass spectrum (negative mode) (ArO)4SiPc-(0O,C-Ar-CHO), (21).
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Figure 5. UV-Vis spectrum of (ArO)+SiPc-(0O,C-Ar-CHO), (21) in CHCls.

H
@‘CHs Hsc’q
H;C 0“0 o Hj
: ~/,§>
N /N
N7 si7 N
CH; NT  N=
0 N
o__0 S cH,
. 't
07 H
9.5 9.0 8.5 8.0 7.5 7.0 6.5 5‘.0 55 5.0 4.5 4.0 3.5 3.0 2.5

Figure 6. '"H-NMR spectra of (ArO)-SiPc-(0,C-Ar-CHO), (21) in, CDCl:.
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HR-MALDI TOF, UV-Vis and 'H- NMR (Ar0)+-SiPc-(0:C-Ar2-CHO): (22).
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Figure 7. HR-MALDI TOF mass spectrum (negative mode) (ArO)4+SiPc-(0,C-Ar,-CHO), (22).
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Figure 8. UV-Vis spectrum of (ArO)+SiPc-(0,C-Ar-CHO), (22) in CHCl3.

144



H 0
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 a5 4.0 3.5 3.0 2.5

Figure 9. "H-NMR spectra of (ArO)+-SiPc-(0,C-Ar,-CHO), (22) inCDCls.

HR-MALDI TOF and UV-Vis of (Ar0):-SiPc-(0:2C-Ar-CO:zH): (1)
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Figure 10. HR-MALDI TOF Mass Spectrum (negative mode) of (ArO),-SiPc-(0,C-Ar-CO3H), (1).
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Figure 11. UV-Vis spectrum of (ArO)sSiPc-(O;C-Ar-CO,H), (1) in CHCI3.

HR-MALDI TOF and UV-Vis of (ArQ0)s-SiPc-(02C-Ar2-CO2H): (5).
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Figure 12. HR-MALDI TOF Mass Spectrum (negative mode) of (ArO)4SiPc-(0O;C-Ar,-CO,H); (5).
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Figure 13. UV-Vis spectrum of (ArQ)4+SiPc-(0O;C-Ar,-CO,H), (5) in CHCl3.
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HR-MALDI TOF and "H-NMR integral spectral of (ArO)4-SiPc-( O2C-Ar-CH3)2
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Figure 14. HR-MALDI TOF mass spectrum (negative mode) of (ArO),-SiPc-( O,C-Ar-CH;); (7).
'H NMR (400 MHz, CDCly) 8 9.56 —9.37 (m, 4H), 8.82 — 8.61 (m, 4H), 7.91 —
7.68 (m, 4H), 7.37 — 7.29 (m, 12H), 6.06 (d, J= 8.0 Hz 4H), 5.05 (d, J=8.0 Hz,
4H), 2.45 —2.31 (m, 24H), 1.72 (s, 6H).
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Figure 15.

"H-NMR spectra of (ArO)4-SiPc-( O,C-Ar-CHs), (7) inCDCls.



TH-NMR of 4-(2,6-dichlorophenoxy)phthalonitrile (23).
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Figure 16. Spectra of 4-(2,6-dichlorophenoxy)phthalonitrile (23) in CDCls.

TH-NMR of 5-(2,6-dichlorophenoxy)-diiminoisoindoline (24).
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Figure 17. Spectra of 6-(2,6-dichlorophenoxy)-diiminoisoindoline(24) in DMSO-dg.

UV-Vis of (C2Ar02)s-SiPcClz (25).
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Figure 18. UV-Vis spectrum of (Cl,ArO;)+SiPcCl;(25) in CHCl3.

148



HR-MALDI TOF, UV-Vis and 'H- NMR of (CL:Ar0)s+SiPc-(0:C-Ar-CHO): (26).
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Figure 19. HR-MALDI TOF Mass Spectrum (negative mode) of (Cl,ArO)4SiPc-(O,C-Ar-CHO), (26).
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Figure 20. UV-Vis spectrum of (Cl,ArO)4SiPc-(0,C-Ar-CHO), (26) in CHCls.
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Figure 21. "H-NMR Spectra of (Cl,ArQO)-SiPc-(0,C-Ar-CHO), (26) in CDCls.

HR-MALDI TOF, UV-Vis and 'H- NMR of (CLArO)s-SiPc-(02C-Ar2-CHO): (27).
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Figure 22. HR-MALDI TOF Mass Spectrum (negative mode) of (Cl,ArQ),-SiPc-(0,C-Ar,-CHO); (27).
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Figure 23. UV-Vis spectrum of (Cl,ArO)SiPc-(0,C-Ar,-CHO), (27) in CHCl;.
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Figure 24. 'H-NMR Spectra of (Cl,ArQO)SiPc-(0,C-Ar,-CHO), (27) in CDCls.



HR-MALDI TOF and UV-Vis of (CLArO)sSiPc-(02C-Ar-COzH): (2).
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Figure 25. HR-MALDI TOF mass spectrum (positive mode) of (Cl,ArQO)4SiPc-(0,C-Ar-CO,H), (2).
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Figure 26. UV-Vis spectrum of (Cl,ArQ),-SiPc-(0,C-Ar-CO,H); (2) in CHCIs.
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HR-MALDI TOF and UV-Vis of (CLAr0)s-SiPc-(02C-Ar2-CO:2H): (6).
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Figure 27. HR-MALDI TOF mass spectrum (positive mode) of (Cl,ArQ)4+-SiPc-(O,C-Ar,-CO,H), (6).
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Figure 28. UV-Vis spectrum of (Cl,ArQ)-SiPc-(0,C-Ar,-CO2H); (6) in CHCI;.



HR-MALDI TOF and '"H-NMR integral spectral (Cl2Ar0)s-SiPc-( O2C-Ar-CH3):
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Figure 29. HR-MALDI TOF Mass Spectrum (negative mode) of (Cl,ArQ)-SiPc-( O,C-Ar-CHs); (8).

'H NMR (400 MHz, CDCl;) 6 9.63 —9.45 (m, 4H), 8.91 — 8.79 (m. 4H), 7.97 —
7.80 (m, 4H), 7.67 —7.58 (m, 8H), 7.43 —7.31 (m, 4H), 6.06 (d, J= 8.1 Hz, 4H),
5.02 (d, J=8.0 Hz, 4H), 1.72 (s, 6H).
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Figure 30. "H-NMR spectra of (Cl,ArO)4-SiPc-( O,C-Ar-CHs), (8) in CDCl5.



TH-NMR of 4-(p-tolylthio)phthalonitrile (28).
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Figure 31. Spectra of 4-(p-tolylthio)phthalonitrile (28) in CDCls.

TH-NMR of 5-(p-tolylthio)isoindoline-1,3-diimine (29).
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Figure 32. Spectra of 5-(p-tolylthio)isoindoline-1,3-diimine (29) in CD30D.

UV-Vis of (ArS)s-SiPcCl: (30).
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Figure 33. UV-Vis spectra (ArS)SiPcCl, (30).
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TH-NMR of 4,5-bis(p-tolylthio)phthalonitrile (31).

Figure 34. Spectra of 4-(p-tolylthio)phthalonitrile (31) in CDCls.

TH-NMR of 5,6-bis(p-tolylthio)-1,3-diiminoisoindoline (32).

T, m
S

NH

N ‘|\ |f‘| | ‘
A Mo A I
. SV SV A

/

T T T T T T T T T T T T T
E) 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9/ / 2.6 2.5 2.4 2.

Figure 35. Spectra of 5,6-bis(p-tolylthio)-1,3-diiminoisoindoline(32) in CD3OD.

UV-Vis spectra of (ArS)s-SiPcCl2 (33).
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Figure 36. UV-Vis spectra of (ArS)s-SiPcCl, (33) in CHCl;.
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Figure 37. HR-MALDI TOF mass spectrum (negative mode) of SiPc-(O-Ar-Azo-Ar-CHQ), (36)
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Figure 38. UV-Vis spectrum of SiPc-(O-Ar-Azo-Ar-CHO); (36) in THF.



Figure 39. "H-NMR Spectrum of SiPc-(O-Ar-Azo-Ar-CHO); (36) in CDCls.

HR-MALDI TOF and H-RMN integral spectra of SiPc-(O-Ar-Azo-Ar-CO:H):
(11).
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Figure 40. HR-MALDI TOF mass spectrum (negative mode) of SiPc-(O-Ar-Azo-Ar-CO,H), (11).
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IH NMR (400 MHz, DMSO) § 9.77 —9.70 (m, 8H), 8.61 — 8.54 (m, 8H), 7.86 (d,
J=8.5 Hz, 4H), 7.4 (d, J=8.1 Hz, 4H), 6.25 (d, J= 8.6 Hz, 4H), 2.67 (d, /= 1.8

B (m) C(d)| | D(d)
8.58 7.86 7.45
i M
T T 7
BlS E"U 7’5

T

Figure 41. "TH-NMR spectra of SiPc-(O-Ar-Azo-Ar-CO,H), (11) InCDCls.

HR-MALDI TOF, UV-Vis and 'H- NMR of (‘Bu)4SiPc¢ -(O-Ar-Azo-Ar-CHO): (39).
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Figure 52. HR-MALDI TOF mass spectrum (negative mode) of (‘Bu),SiPc -(O-Ar-Azo-Ar-CHO); (39).
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Figure 43. UV-Vis spectrum of (‘Bu).SiPc -(0-Ar-Azo-Ar-CHO) (39) in CHCl,.
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Figure 44. "H-NMR Spectra of (‘Bu)4SiPc -(O-Ar-Azo-Ar-CHO); (39) in DMSO-ds.

HR-MALDI TOF and H-RMN integral spectra of (‘Bu)sSiPc-(O-Ar-Azo-Ar-
CO:H)2(12)
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Figure 45. HR-MALDI TOF mass spectrum (negative mode) of (‘Bu),SiPc-(O-Ar-Azo-Ar-CO,H), (12).
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IH NMR (400 MHz, CDCl;) 8 9.69 — 9.49 (m, 8H), 8.50 — 8.43
(m, 4H), 7.98 (d, J= 8.2 Hz, 4H ), 7.49 (d, J = 8.6 Hz, 4H), 6.32
(d,J=8.1Hz, 4H), 2.64 (d, J= 8.5 Hz, 4H), 1.85 (s, 40H).

A(m) B (m) C(d) D (d) E (d) H (d)) Als)
9.63 8.46 7.98 7.49 632 264 85

-1
402
396 1=
3003

T T T T T T T T T T T
7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 25 2.0

=
@

L
Ndsa

=
o] f—
i
—

‘L_

,Ef:f

T T
9.5 2.0

Figure 46. 'H-NMR spectra of (tBu),SiPc-(O-Ar-Azo-Ar-CO,H),(12) In CDCl:.

HR-MALDI TOF and H-RMN integral of SiPc-(O2CPy): (13).
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Figure 47. HR-MALDI TOF mass spectrum (negative mode) of SiPc-(O,CPy), (13).
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H NMR (400 MHz, CDCl;) § 9.81 —9.72 (m, 8H), 8.50 — 8.36 (m,
8H), 7.60 (d, J = 8.5 Hz, 4H), 5.00 (d, J = 8.5 Hz, 4H).
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Figure 48. 'H-NMR spectra of SiPc-(O,CPy), (13) In CDCl:.

UV-Vis of (PyO)s-SiPcCl: (42).
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Figure 49. UV-Vis spectrum of (PyO)+SiPcCl; (42) in DMSO.
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HR-MALDI TOF, UV-Vis and 'H- NMR of (PyO)4SiPc-O2C-Ar-CHO): (43).
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Figure 50. HR-MALDI TOF mass spectrum (negative mode) of (Py0Q).SiPc-O,C-Ar-CHO), (43).
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Figure 51. UV-Vis spectrum of (PyO),SiPc-O,C-Ar-CHO), (43) in CHCls.
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Figure 52. "TH-NMR spectrum of (Py0Q),SiPc-O,C-Ar-CHO), (43) in CD3;0D.
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HR-MALDI TOF, UV-Vis and 'H- NMR of (Py0)sSiPc¢ -(02C-Ar2-CHO): (44)
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Figure 53. HR-MALDI TOF mass spectrum (negative mode) of (PyQO),SiPc -(0O,C-Ar,-CHOQO), (44).
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Figure 54. UV-Vis spectrum of (PyQ),SiPc -(0,C-Ar>-CHQ), (44) in CHCls.
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Figure 55. "H-NMR spectrum of (PyQ),SiPc -(O,C-Ar,-CHO), (44) in CD;0D.

164



HR-MALDI TOF, UV-Vis, "TH- NMR and 2D COSY of (PyO)sSiPc¢ -( O2C-Ar-

CH3):2 (45).
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Figure 56. HR-MALDI TOF mass spectrum (negative mode) of (PyQO)4SiPc -( O,C-Ar,-CHs), (45).
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Figure 57. UV-Vis spectrum of (PyO)SiPc -( O,C-Ar,-CHs), (45).
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Figure 58. "H-NMR spectrum of (Py0O),SiPc -( O;,C-Ar,-CHj), (45) in CDCls.
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Figure 59. 2D COSY spectrum of (PyO)SiPc -( O,C-Ar,-CHs), (45) in CDCls.

HR-MALDI TOF, UV-Vis and "H- NMR of (Py0)sSiPc¢ (02C-Ar-CO:H): (46).
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Figure 60. HR-MALDI TOF mass spectrum (negative mode) of (Py0O),SiPc (O,C-Ar-COzH), (46).
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Figure 61. UV-Vis spectrum of (Py0),SiPc (O,C-Ar-CO,H), (46) in THF.
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Figure 62. "H-NMR spectrum of (Py0),SiPc (O,C-Ar-CO,H), (46) in DMSO-ds.

HR-MALDI TOF, UV-Vis and "H- NMR of (Py0)4SiPc¢ (02C-Ar2-CO2H): (47).
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Figure 63. HR-MALDI TOF mass spectrum (negative mode) of (Py0).SiPc (O,C-Ar-CO,H), (47).
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Figure 64. UV-Vis spectrum of (PyO)SiPc (O,C-Ar-CO,H), (47) in THF.
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Figure 65. "H-NMR spectrum of (PyO),SiPc (O;C-Ar,-CO2H), (47) in DMSO-ds.

UV-Vis and 'H- NMR of (MePy*0)4-SiPc-(02C-Ar-CO2H): (I')4 (48).
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Figure 66. UV-Vis spectrum of (MePy*0),SiPc-(O,C-Ar-CO2H), (I')+ (48) in MeOH.
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Figure 67. "H-NMR spectrum of (MePy*0)~SiPc-(0,C-Ar-CO,H); (I')4 (48) in CD;0D.

UV-Vis and 'H- NMR of (MePyO*)sSiPc-(02C-Ar2-COz2H)z (I)s (49).
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Figure 68. UV-Vis spectrum of (MePyO*),SiPc-(0,C-Ar,-CO2H); (I')+ (49) in MeOH.

Figure 69. "H-NMR spectrum of (MePyQ*),SiPc-(0,C-Ar,-CO2H), (I)4 (49) in CD30D.

169



|
om, i
o |
— oy L7 a ?‘J
\-—-,N+ §N,CH, F )
o
3 /, A
¢ aﬁ,N <
N ‘N§ (e
¢ M = ]
D & N“‘@ E<=

R

o ;
2~ B
Q\ETHJ D =

)

- i

CH,3 __:J
c 3

2

=

B =

T T T T T T T T T T T T T T T T T T T T
10.410.310.2 10,1 10.0 9.9 98 9.7 96 9.5 94 93 92 9.1 9.0 B9 88 B7 86 B5 84 83 82 81 80 7.9 78 7.7 7.6

2 (ppm)

Figure 70. 2D COSY spectrum of (MePy0*),SiPc-(0,C-Ar>-CO.H); (I') (49) in CD;0D.

UV-Vis and 'H- NMR of (MePy*0)4-SiPc-(02C-Ar-CH3)z (I')4 (50).
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Figure 71. UV-Vis spectrum of (MePyO*),SiPc-( O;C-Ar,-CHs); (I')4+ (50) in MeOH.
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Figure 72. "H-NMR spectrum of (MePyO"),SiPc-( 02C-Ar-CHs): (I)+ (50) in CD;0D.

UV-Vis of (MePy"0)4-SiPc-(02C-Ar-CO2H)2 (CH3SO3)4 (14).
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Figure 73. UV-Vis spectrum of (MePy*0)+SiPc-(O,C-Ar-CO,H), (CH3SOg3),(14) in MeOH.

UV-Vis (MePy"0)s-SiPc-(02C-Ar2-CO2H)2 (CH3SO3)s (15).
120000
100000
80000
60000

40000

¢ (L'mol-"-cm)

20000

350 450 550 A(nm) 650 750

Figure 74. UV-Vis spectrum of (MePy*0),SiPc-(0,C-Ar,-CO,H), (CHsSO5)4 (15) in MeOH.
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H-RMN integral spectra of (MePy*0)4-SiPc-(02C-Ar-CHs)2 (CH3SOz3)4 (16).

IH-NMR (400 MHz, MeOD) 9.99 —9.83 (m, 4H), 9.62 — 9.44 (m, 4H), 9.30 —9.20 (m,
4H), 8.92 — 8.83 (m, 4H), 8.71 —8.58 (m, 4H), 8.46 — 8.31 (m, 4H), 8.30 — 8.17 (m, 4H),
6.17 (d, J= 8.1 Hz, 4H), 4.98 (d, J= 8.2 Hz, 4H), 4.58 —4.49 (m, 12H), 2.70 (S, 12H),

1.78 (s, SH).
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Figure 74. "H-NMR spectrum of (MePy*0),-SiPc-(0,C-Ar-CHz), (CH3S05)4 (16) in CD3;0D.
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2.1 Article :” Synthesis of 4-methylthiophenyl silicon phthalocyanines axially
substituted with carboxylic acids for MOF materials”.
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ABSTRACT: Two new peripherally substituted with 4 and 8 electron-donating 4-
methylthiophenyl silicon phthalocyanines, (ArS)iSiPc 1 and (ArS)sSiPc 2, axially
substituted with carboxylic acids have been synthesized using microwave irradiation
in a very good yield. The new compounds have been characterized by 'H-NMR, UV-
vis, fluorescence, differential pulse voltammograms, and HR-MALDITOF mass
spectrometry. An study of the stability of the axial chlorinated SiPcs in the function of
the number of thiophenyl substituents indicates than (ArS)sSiPcCl. 10 degradates
faster, to its corresponding unreactive dihydrosilicon phthalocyanine derivative
(ArS)sSiPc(OH), 11, than (ArS)sSiPcCl.. The new SiPcs are excellent candidates as
photoactive linkers for the construction of MOF materials.

KEYWORDS: Silicon Phthalocyanine, Microwave irradiation.
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INTRODUCTION

The construction of the so-called Metal-Organic
Framework materials (MOFs) represents the ideal
combination of metal ions and organic ligands (acting
as connectors and linkers) to afford one-, two- or
threedimensional networks, and robust porous
materials for use in gas separation, gas storage,
catalysis, chemical sensing or advanced
photoresponsive materials, among other applications
[1-3]. In most occasions, organic ligands are only
responsible for the final 3D architecture but
sometimes, when linkers are photoactive organic
molecules, new and exciting properties can be found
[4]. We can find examples of appropriately
functionalized chromophoric linkers, employed to
construct  photoresponsive MOFs based on
naphthalene [5-7], anthracene, [8—10] pyrene [11-—
13], perylene [14], porphyrin [15-17], or
naphthalenediimide [18-20], to name a few.
Metallophthalocyanines (MPc’s) are planar aromatic
macromolecules, with 18 conjugated Tt-electrons, that
provide very high extinction coefficients together
with good chemical and thermal stability. Despite the
convenience of using them as building units to
construct porous and crystalline frame-works, few
examples can be found in the literature, and most of
them are based on the presence of dihidroxy [21-25]
and diamino [26] chelating functions in the peripheral
positions of symmetrical MP¢’s. In this context, we
have recently published a silicon phthalocyanine,
(SiPc) with no peripheral substituents, and axially
substituted with carboxylic acid appends, that have
been successfully employed as a chromophoric linker
for MOF materials, in combination with Zn ions, and
with good behavior as an optical resonator [27]. SiPcs
are a special class of MPc’s, with a tetravalent silicon
atom in the central cavity with two axial valences,

(ArS)4SiPc 1

O~ "OH
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pointing to both sides of the ring, and represent a
versatile molecular platform to obtain SiPc-based
chromophoric linkers for MOF-materials. It is
possible to design and synthesize this type of
molecule locating chelating functionalities at the
axial positions, with no or negligible influence on
the optical and electronic properties, while these
can be changed through convenient peripheral
substitution of the phthalocyanine ring. Different
thio substituted metallophthalocyanines have
been already described, with applications as, for
example, [R-sensitizers [28, 29] or light activable
catalysts [30]. However, till now, no
thiosubstituted SiPcs have been described so far
in order to study the sulfur atom influence in the
MOFs construction. Here we present an efficient
preparation, using microwave irradiation, of two
axially substituted SiPcs with carboxylic acid
groups, and also peripherally decorated with 4 and
8 electron-donating 4-methylthiophenyl appends,
(ArS)sSiPc 1 and (ArS)sSiPc 2 (Chart 1), with
potential application and ready to be tested as
photoactive linkers for MOF materials.

EXPERIMENTAL
General methods

All chemicals were reagent grade, purchased
from commercial sources, and were used as
received unless otherwise specified. Microwave
reactions were carried out in a CEM microwave
reactor, Discover SP  model. Column
chromatography was performed on SiO. (40-63
mm) and Biorad Biobeads SX-3 (200—400 mesh)
was used as the stationary phase for Size
Exclusion Chromatography (SEC). TLC plates
coated with SiO. 60F254 were visualized under

o SV o
HsC CH3
(ArS)gSiPc 2
0~ "OH

Chart 1. Chemical structure of (ArS)4SiPc 1 and (ArS)sSiPc 2.



UV light. NMR spectra were acquired on a Bruker
400MHz spectrometer. UV/Vis spectra were recorded
on a Perkin Elmer LAMBDA 365 UV-WinLab
spectrophotometer.  Fluorescence spectra were
recorded on a Horiba Scientific FluoroMax-4 TCSPC
spectrofluorometer. High-resolution mass spectra
were obtained from a Bruker Reflex II matrix-assisted
laser desorption/ ionization time-of-flight (MALDI-
TOF) spectrometer using dithranol as matrix.
Differential pulse voltammetry measurements were
performed at 298 K in a conventional three-electrode
cell using an m-AUTOLAB type 1
potentiostat/galvanostat (Metrohm, Herisau,
Switzerland). Sample solutions (ca. 0.5 mM) were
prepared in deaerated PhCN, containing 0.10 M
tetrabutylammonium hexafluorophosphate (TBAPFs)
as supporting electrolyte; a glassy carbon (GC)
working electrode, a Ag/AgNO:; reference electrode,
and a platinum wire counter electrode were used;
Ferrocene/ferrocenium was the internal standard for
all measurements.

Synthesis
Preparation of (ArS)4SiPc 1

In a 10 mL microwave tube, (ArS)sSiPcCl; 5 (50
mg, 0.045 mmol), terephthalic acid (75 mg, 0.450
mmol) were dissolved in dry toluene (0.5 mL) and 1-
methyl-2-pyrrolidone (NMP, 0.5 mL). The contents
were stirred and microwave-irradiated to a set
temperature of 160°C for 60 min. The crude reaction
mixture was precipitated in methanol, filtered and
purified by size exclusion chromatography (Bio-
Beads, THF). This yielded 19 mg (26%) of pure
compound as a green solid. 'H NMR (400 MHz,
CDCl;, 25 °C) 6 9.44-9.23 (m, 8H, H-Pc), 8.15-7.96
(m, 4H, H-Pc), 7.71-7.63 (m, 8H, H-Ar periphery), 7.
37 (d, J = 7.8 Hz, 8H, H-Ar periphery), 6.93 (d, J =
8.2 Hz, 4H, H-Ar axial,), 5.19 (d, J = 8.2 Hz, 4H, H-
Ar axial),

2.51 (s, 12H,4xCHs). UV/Vis (CHCl): Ansx (log €)=
363 (4.69),448 (4.22), 644 (4.44),717 (5.20). HR-MS

(MALDI-TOF, dithranol): m/z for [C7HsoNsOsS4Si]*
calcd. 1398.2390, found 1398.2396.

Preparation of (ArS)sSiPc 2

In a 10 mL microwave tube, (ArS)sSiPcCl, 10 (50
mg, 0.031 mmol), terephthalic acid (53 mg, 0.310
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mmol) were dissolved in dry toluene (0.5 mL),
and 1-methyl2-pyrrolidone (NMP, 0.5 mL). The
contents were stirred and microwave-irradiated to
a set temperature of 160 °C for 60 min. The crude
reaction mixture was precipitated in methanol,
filtered, and purified by size exclusion
chromatography (Bio-Beads, THF). This yielded
21 mg (37%) of the pure compound as a green
solid. 'H NMR (400 MHz, CDCl;, 25 °C) 6 9.07
(s, 8H, H-Pc), 7.60 (d, J = 7.9 Hz, 16H, H-Ar
periphery), 7.35 (d, J = 7.9 Hz, 16H, periphery),
6.99 (d, J = 8.5 Hz, 4H, H-Ar axial), 5.21 (d, J =
8.5 Hz, 4H, H-Ar axial), 2.52 (s, 24H, 8xCHs).
UV/Vis (CHCL): Amax (log €)= 366 (4.69), 463
(4.33), 665 (4.40), 743 (5.19). HR-MS (MALDI-
TOF, dithranol): m/z for [Ci04sH74NsOsSsSi]* caled.
1787.3114, found 1787.3124.

Preparation of 4-(p-tolylthio)phthalonitrile
3

4-nitro-phthalonitrile (2 g, 11.55 mmol), 4-
methylthiophenol (1.5 g, 12.08 mmol), and K,CO:s
(2.5 g, 18.09 mmol), were mixed in dimethyl
sulfoxide (40 mL) under Ar for 24h. After that,
the crude material was precipitated over H.O/ice
and filtered. The solid obtained was washed
thoroughly with water and, finally, with cold
ethanol, yielding 2.29 g (79%) of 4-(p-
tolylthio)phthalonitrile 3 as a pale-white colored
solid, which was used in successive reactions
without further purification. 'H NMR (400 MHz,
CDCl;, 25 °C) & 7.57 (d, 1H, J=8.3 Hz, H-Ar),
7.43 (d, 2H, J=8.3 Hz, H-ArS), 7.33-7.23 (m, 4H,
2xH-Ar + H-ArS), 2.44 (s, 3H, CHs). *C NMR
(100 MHz, CDClI;, 25 °C): 6 149.0, 141.2, 135.3,
133.1, 129.7, 129.5, 124.5, 116.2, 115.5, 115.1,
110.9, 21.3.

Preparation of S5-(p-tolylthio)isoindoline-
1,3-diimine 4

4-(p-tolylthio)phthalonitrile 3 (1.8g, 7.20
mmol), MeONa (0.18 g, 3.33 mmol) were mixed
in methanol (150 mL). NH; was then bubbled in
the solution at refluxing methanol temperature (65
°C) for 9 h. After that, the solvent was evaporated
and the solid obtained was washed repeatedly
with water and dried, yielding 1.85 g (96%) of 5-
(p-tolylthio)isoindoline-1,3-diimine 4 as a pale-



white colored solid, which was used in successive
reactions without further purification. 'H NMR (400
MHz, CDsOD, 25 °C) 6 7,70 (d, 1H, J=7.9 Hz, H-Ar),
7.65 (d, 1H, J=1.4 Hz, H-Ar), 7.41 (d, 2H, J=8.1 Hz,
H-Ar), 7.34 (dd, 1H, J=7.9Hz J=1.4Hz, H-Ar), 7.27
(d, 2H, J=8.1Hz, H-Ar), 2.38 (s, 3H, CHs). 3C RMN
(100 MHz, CDsOD, 25 °C) & 145.4, 140.7, 135.2,
131.8,131.4,130.0, 123.0, 121.9, 21.3.

Preparation of (ArS).SiPcCl. 5

5-(p-tolylthio)isoindoline-1,3-diimine 4 (0.750 g,
2.81 mmol) was dissolved in dry quinoline (7 mL).
The system was sealed and the solution was purged
with Ar and kept from light. Then, SiCls (0.7 mL) was
carefully introduced, and the temperature was raised
to reflux and maintained for 1 h. The crude reaction
mixture was precipitated in acetone, filtered, and
thoroughly washed. This yielded 0.757 g (99%) of
(ArS)4SiPcCl. 7 as a green solid, which was prudently
kept, under argon and avoiding direct light exposure,
before its use. UV-vis (CHCl;) Ana/nm: 377, 455, 652,
726 nm.

Preparation of (ArS).SiPc(OH): 6

(ArS)4SiPcClz 7 (50 mg, 0.045mmol) was dissolved
in a 1:1 v/v DMSO/NaOH 2M mixture (4 mL) and
maintained at 100 °C for 3 h. The crude reaction was
extracted with CHCL and, the combined organic
extracts were washed with HCI aq 1M, water, and
brine, dried over MgSOs and evaporated. This yielded
24 mg (48%) of (ArS).SiPcOH, 6. UV-vis (CHCI:)
Ama/nm 361, 432, 629, 700. HR-MS (MALDI-TOF,
dithranol): m/z for [CeoH42Ns02S4Si]-calcd 1062.2222,
found 1062.2216.

Preparation of (ArS).SiPc 7

In a 10 mL microwave tube, (ArS)sSiPcCl; 5 (50
mg, 0.045 mmol), 4-methylbenzoic acid (62 mg,
0.450 mmol) were dissolved in dry toluene (0.5 mL),
and 1-methyl-2-pyrrolidone (NMP, 0.5 mL). The
contents were stirred and microwave-irradiated to a
set temperature of 200 °C for 60 min. The crude
reaction mixture was precipitated in methanol, filtered
and purified by column chromatography (SiO-,
CHCls/Hexane 3:1). This yielded 28 mg (50%) of the
pure compound as a green solid. '"H NMR (400 MHz,
CDCl;, 25 °C) &6 9.48 — 9.35 (m, 8H, H-Pc), 8.15 —
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8.06 (m, 4H, H-Pc), 7.71-7.63 (m, 8H, H-Ar
periphery), 7.39 (d, J = 7.9 Hz, 8H, H-Ar
periphery), 6.09 (d, J = 8.0 Hz, 4H, H-Ar axial),
5.05(d, J=8.0 Hz, 4H, H-Ar axial), 2.53 (s, 12H,
4xCHs periphery), 1.75 (s, 6H, 2xCHs axial).
UV/Vis (CHCL) Amn (log €) 366 (4.59), 443
(4.18), 614 (3.63), 714 (5.17). HR-MS

(MALDI-TOF, dithranol): m/z for
[C76HsaNgO4S4Si]*  caled.  1298.2813, found
1298.2820.

Preparation of 4,5-bis(p-

tolylthio)phthalonitrile 8

5,6-dichlorophthalonitrile (2 g, 10.15 mmol),
4-methylthiophenol (3.86 g, 24.20 mmol), and
K.COs

(21 g, 151.94 mmol), were mixed in dimethyl
sulfoxide (40 mL) under Ar for 24h. After that,
the crude material was precipitated over H.O/ice
and filtered. The solid obtained was washed
thoroughly with water and, finally, with cold
ethanol, yielding 2.61 g (69%) of 4,5-
bis(ptolylthio)phthalonitrile 8 as a pale-white
colored solid, which was used in successive
reactions without further purification. 'H NMR:
(400 MHz, CDCls, 25 °C): 6= 7.44 (d, 4H, J=8.0
Hz, H-Ar), 7.33 (d, 4H, J=8.0 Hz, H-Ar), 6.91 (s,
2H, H-Ar), 2.46 (s, 6H, 2xCH:).?C-RMN (100
MHz, CDCl;, 25 °C) 6 144.4,141.3,135.4,131.4,
129.3, 124.6, 115.5, 111.2, 21.4.

Preparation of 5,6-bis(p-tolylthio)isoindoline-
1,3diimine 9

5,6-bis(p-tolylthio) phthalonitrile 8 (1.5g, 4.03
mmol), MeONa (0.15 g, 2.78 mmol) were mixed
in methanol (150 mL). NH; was then bubbled in
the solution at refluxing methanol temperature (65
°C) for 7 h. After that, the solvent was evaporated
and the solid obtained was washed repeatedly
with water and dried, yielding 1.17 g (75%) of
5,6-bis(p-tolylthio)isoindoline-1,3-diimine 9 as a
pale-white colored solid, which was used in
successive reactions without further purification.
'H NMR (400 MHz, CD;OD, 25 °C) & 7.51 (s,
2H, H-Ar), 7.37 (d, 4H, J=8.0 Hz, H-Ar), 7.28 (d,
4H, J=8.0 Hz, H-Ar), 2.39 (s, 6H, 2xCH3s) ppm.



BC-RMN (100 MHz, CD;OD, 25 °C) & 140.5, 134.6,
131.8,130.2, 123.5, 21.3.

Preparation of (ArS)sSiPcCl, 10

5,6-bis(p-tolylthio)isoindoline-1,3-diimine 9
(0.600 g, 1.54 mmol) was dissolved in dry quinoline
(6 mL). The system was sealed, and the solution was
purged with Ar and kept from light. Then, SiCls (0.6
mL) was carefully introduced, and the temperature
was raised to reflux and maintained for 1 h. The crude
reaction mixture was precipitated in acetone, filtered,
and thoroughly washed. This yielded 0.617 g (99%)
of (ArS):SiPcCl, 10 as a green solid, which was
prudently kept, under argon and avoiding direct light
exposure, before its use. UV-vis (CHCls3) Ama/nm:
381, 468, 673, 752.

Preparation of (ArS):SiPc(OH): 11

(ArS);SiPcCl, 10 (50 mg, 0.031 mmol) was
dissolved in a 1:1 v/v DMSO/NaOH 2M mixture (4
mL) and maintained at 100 °C for 3 h. The crude
reaction was extracted with CHCI; and, the combined
organic extracts, were washed with HCl aq 1M, water
and brine, dried over MgSO., and evaporated. This
yielded 21 mg (43%) of

(ArS)4SiPcOH: 6. UV-vis (CHCls) Ama/nm 351, 447,
647, 726. HR-MS (MALDI-TOF, dithranol): m/z for
[CssHesNsO2SsSi]-caled. 1551.3067, found 1551.3075.
Preparation of (ArS)sSiPc 12

In a 10 mL microwave tube, (ArS)sSiPcCl; 10 (50
mg, 0.031 mmol), 4-methylbenzoic acid (48 mg,
0.310 mmol) were dissolved in dry toluene (0.5 mL),

NH

oN o4 )= CN_ NHs (g)
OO oy me o
O,N CN ‘ s CN i S

g QL

CH, 3 CH, 4

S

R

and 1-methyl-2-pyrrolidone (NMP, 0.5 mL). The
contents were stirred and microwave-irradiated to
a set temperature of 200 °C for 60 min. The crude
reaction mixture was precipitated in methanol,
filtered and purified by column chromatography
(Si02, CH,CL,). This yielded 31 mg (54%) of the
pure compound as a green solid. 'H NMR (400
MHz, CDCls, 25 °C) & 9.05 (s, 8H, H-Pc), 7.57
(d, 16H, J = 8.0 Hz, H-Ar periphery), 7.33 (d,
16H, J = 8.0 Hz, H-Ar peripheral), 6.08 (d, 4H, J
= 8.1 Hz, H-Ar axial), 5.01 (d, 4H, J = 8.1 Hz, H-
Ar axial), 2.49 (s, 24H, 8xCHs periphery), 1.75 (s,
6H, 2xCHj; axial). UV/Vis (CHCls) Amax (log €)
369 (4.75), 453 (4.42), 661 (2.82), 740 (5.34).

HR-MS (MALDI-TOF, dithranol): m/z for
[Ci0sH7sNsO4SsSi]*  caled. 1787.3741, found
1787.4230.

RESULTS AND DISCUSSION

Synthesis and characterization

Synthesis of (ArS).SiPc 1 is described in
Scheme 1, starting from 4-nitrophthalonitrile, an
SxAr reaction with 4-methylthiophenol afforded
4-(p-tolylthio)phthalonitrile 3 [30] which was
readily converted into more reactive thiophenyl
diiminoisoindoline 4 when treated with ammonia
in refluxing methanol and a catalytic amount of
MeONa, following a previously described method
[30]. A subsequent cyclotetramerization reaction
of 4 was carried out in dry quinoline with SiCls, at
reflux temperature, for 1 hour and avoiding direct
light exposure. After

% =~ _CH,
]
N
N si” N —
7N N= iv
S
s s
o LR

CHj

(ArS),SiPc 1

HsC (ArS)4SiPcCl, 5

Scheme 1. Synthesis of (ArS)sSiPc 1. Reagents and conditions: (i) anhydrous K2COs;, DMSO, RT, Ar, 24 h. 79%; (ii) MeONa/
MeOH, 65 °C, 9 h, 96%; (iii) dry quinoline, reflux, dark, Ar, 1 h, 99%, (iv) Tol/NMP 1:1 v/v, Ar, MW:160 °C/200 W/ 1h, 26 %.
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(ArS),SiPcCl, 5

HO CHj
HsC (ArS),SiPc(OH), 6

H@—@—cum CH;,

@ C:f: o} \©\CH3

H;C (ArS),SiPc 7

CHs

Scheme 2. Synthesis of (ArS)4SiPc(OH). 6 and (ArS)sSiPc 7. Reagents and conditions: (i) NaOH 2M/DMSO 1:1 v/v, reflux 3h,

48%, (ii) To/NMP 1:1 v/v, Ar, MW:160 °C/1h, 50 %.
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Fig. 1. (a) Normalized UV-vis spectra, registered in CHCI; at RT, of freshly prepared (black) and aged (ArS)4SiPcClz 5 (dotted),
and (ArS)4SiPcOH: 6 (grey). (b) Normalized UV-vis spectra, registered in CHCl; at RT, of freshly prepared (black) and aged

(ArS)sSiPceCls 10 (dotted), and (ArS).SiPcOH: 11 (grey).

multiple acetone washings (ArS).SiPcCl, 5 was
obtained as a green solid, which had to be rapidly
employed in the last step. This is because we have
previously observed that dichloride silicon
phthalocyanine compounds (SiPcCl.) degradates to,
presumably, unreactive dihydrosilicon
phthalocyanine derivatives. (ArS)sSiPc(OH). 6 and
(ArS)sSiPc 7 were also prepared from
(ArS)4SiPcCl; 5 for comparative purpose (Scheme
2). Figure 1 shows the comparison of UV-vis
normalized spectra of freshly prepared and one-day
aged (ArS):SiPcCl. 5, together to that of
(ArS)4SiPc(OH): 6. It can be observed how freshly
prepared (ArS):SiPcCl. 5§ UV-vis spectrum is
dominated by a narrow sharp Q band centered at
726 nm, (ArS):SiPc(OH). 6 spectrum shows also a
narrow Q band, hypsochromically shifted to 700
nm, while the aged silicon phthalocyanine spectrum
presents a combined Q band, centered at 726 nm but
wider in the base, due to a growing 700 nm Q band

181

which timidly begins to show. Finally (ArS)4SiPc 1
was prepared in 26% yield by nucleophilic
substitution of the two axial chlorine atoms of
(ArS)sSiPcCl: 5 employing a 10-equivalent
quantity of tertphthalic acid, microwave radiation
for only 1 hour, and a 1:1 mixture of toluene and N-
methyl2-pyrrolidone, the latter added in order to
improve the absorption of microwave energy [31].
Rapid and effective microwave heating in this step
made a difference to us, in order to obtain moderate
to good yields of axially substituted SiPc
derivatives in a short reaction time (1h).

Microwave reactor allowed to reach high reaction
temperatures quickly, while keeping the crude
material in the complete absence of light, and
employing an excess of terephthalic acid in a highly
concentrated solution (actually an emulsion). And
all of these conditions probably minimized the
already mentioned degradation of (ArS).SiPcCl: 5
to unreactive species. (ArS)SiPc 2 was
synthesized, following an equivalent route, but



starting from commercially available 4,5-
dichlorophthalonitrile (Scheme 3). Double S~Ar
afforded 4,5-bis(p-tolylthio) phthalonitrile 8 [32],
which was turned into 5,6-
bis(ptolylthio)isoindoline-1,3-diimine 9 and then,
employing SiCls as a metallic salt template, to
dichloride precursor, (ArS)sSiPcCl: 10.

It is worth noting that, in our hands,
(ArS):SiPcCl. 10 degradates faster, to its
corresponding unreactive dihydrosilicon

phthalocyanine derivative (ArS)sSiPc(OH). 11
(Scheme 4), than (ArS)4SiPcCl; 5 does. This can be

CHs CHy4

Q@ Lo

S CN NH; (g) S
I —— NH ————
S CN ! S

e 5T

CH, 8 CH, 9

(;.WQ[CN -
- = .
cl CN !

appreciated in Fig. 1b where UV-vis normalized
spectra of freshly prepared and one-day aged
(ArS)sSiPcCl. 10, together with that of
(ArS):SiPc(OH), 11, are compared. It can be
noticed how aged (ArS)sSiPcCl. 10 UV-vis
spectrum presents a broad absorption at 600—800
nm area, and now two different Q bands are guessed
at 726 and 752 nm, the first one corresponding to
(ArS)sSiPc(OH). 11 UV-vis Q band maximum
wavelength. However, the nucleophilic substitution
of (ArS)sSiPcCl, 10 two axial chlorine atoms by
carboxylate groups (of tertphthalic

HC

@ @9 «z} L

G, (ArS),SiPcCl, 10

CH;

— — (ArS)SiPc 2

HgC

Scheme 3. Synthesis of (ArS)sSiPc 2. Reagents and conditions: (i) anhydrous KoCOs;, DMSO, RT, Ar, 24 h. 69%; (ii) MeONa/
MeOH, 65 °C, 9 h. 75%; (iii) dry quinoline, reflux, dark, Ar, 1 h, 99%, (iv) Tol/NMP 1:1 v/v, Ar, MW:160 °C/1h, 37 %.

H;C

=
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Scheme 4. Synthesis of (ArS)sSiPc(OH)2 11 and (ArS)sSiPc 12.
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Reagents and conditions: (i) NaOH 2M/DMSO 1:1 v/v,
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43%, (ii) To/NMP 1:1 v/v, Ar, MW:160 °C/1h, 54 %.

acid) to afford (ArS)sSiPc 2 is more efficient (37% yield), compared to the previously described
analog reaction. The observed different behavior probably has to do with the number and nature
of peripheral substituents of the phthalocyanine ring, which modulate the electronic character of
the molecule, the higher the electronic density of the ring, the more labile Si-Cl bonds are, and
more easily and rapidly are chlorine atoms displaced.

NMR and mass spectroscopy characterization

All new compounds were characterized by '"H-NMR spectroscopy and HR-MALDI-TOF mass
spectrometry. Fig. 2 shows the comparison of 'H-NMR spectra of (ArS).SiPc 1 and (ArS)sSiPc
2. Mainly due to the axial functionalization of those compounds, aggregation phenomena in
CDCIl; were avoided to a large extent, and the resolution of both spectra is quite good, thus
facilitating the unambiguous assignation of all observed signals. For example, in the 'H-NMR
spectra of (ArS).SiPc 1 (Fig. 2a) the signals owing to the phthalocyanine ring can be clearly
distinguished as multiplets at 9.42-9.20 and 8.07-7.97 ppm, integrating for eight and four
hydrogens respectively, and also the signals corresponding to the four peripheral 4-
methylthiophenyl appends, a multiplet at 7.71-7.63 and a doublet centered at 7.34 ppm,
integrating for eight hydrogens each, and a 12H singlet at 2.48 ppm, plus the signals ascribed to
axial substituents, two doublets centered at 6.90 and 5.16 ppm integrating for four hydrogens,
which are visibly downfield shifted due to the strong influence of the ring current effect of the
SiPc core. Similar spectroscopic features can be found in the 'H-NMR spectra of (ArS)sSiPc 2
(Fig. 2b) with the exception of the signal corresponding to phthalocyanine ring, a singlet centered
at 9.07 ppm integrating for eight hydrogens. Furthermore, HRMS-MALDI-TOF assays,
performed at positive mode, revealed peaks at 1358.2396 and 1847.3124 amu, with isotopic
distributions that match the simulated isotope patterns for (ArS).SiPc 1 and (ArS)sSiPc 2, and
additional
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Fig. 2. 'H NMR spectra, registered in CDCls at RT of (a) (ArS)sSiPc 1 and (b) (ArS)sSiPc 2.

peaks corresponding to fragmentations of one and/or two axial appends, very common in SiPcs
mass spectra (Supporting Information, Figs. S1 and S2, respectively).

UV-vis, fluorescence and electrochemical properties

This journal is © the Owner Societies 2023 Phys. Chem. Chem. Phys., 2023, 25, 19626-19632 | 183
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Figure 3 shows UV-vis spectra of (ArS).SiPc 1 and (ArS)sSiPc 2, which were registered in
CHCI; at RT. Both spectra are well resolved, due to the already mentioned negligible tendency
to form aggregates, particularly in CHCl;, and reveal a sharp Q band, centered at 717 nm for
(ArS).SiPc 1 and 743 nm for (ArS)sSiPc 2. As expected, 4-methylthiophenyl peripheric groups
modulate the electronic character of the ring (as electron-donor in this case) as it is revealed by
the red-shifted wavelengths Q-band maxima, being the effect much more pronounced in
(ArS)sSiPc 2 (eight 4-methylthiophenyl groups). In this context, it is also worth noting that both
spectra show a broad intramolecular charge-transfer band (CT band)
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¢ (L-mol-cm™)
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T T T T T
400 500 600 700 800
Wavelength (nm)

Fig. 3. UV-vis spectra, registered in CHCl; at RT of (ArS)4SiPc 1 (black) and (ArS)sSiPc 2 (grey).
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Fig. 4. Normalized fluorescence emission spectra, registered in CHCl3 at RT of (ArS)4SiPc 1 (black, Aex=644 nm) and
(ArS)sSiPc 2 (grey, Aee=0665 nm).

between 400-550 nm which is, again, much more intense in (ArS)sSiPc 2. Similar features in
terms of intensity and wavelength maxima values show the UV-vis spectra of (ArS).SiPc 7 and
(ArS)sSiPc 9 (see SI), (ArS).SiPc 1 and (ArS)sSiPc 2 respectively analog compounds, axially
substituted with two 4-methylbenzoate groups. This confirms that different axial substituents
cause a minimal

Table 1. (ArS)sSiPc 1 and (ArS)sSiPc 2 photophysical properties.

Compound UV Amx (log €)Fluorescence Amax ““Aint  *Econt
(CHCls, nm) (CHCls, nm) (nm) (eV)

This journal is © the Owner Societies 2023 Phys. Chem. Chem. Phys., 2023, 25, 19626-19632 | 184
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(ArS)SiPc 1 717 (5.20) 727 721 172
(ArS)SiPc 2 743 (5.19) 751 745 1.6

“Optical band gap energy (E°") values have been estimated using Eg%' = 1240, e/, where *“Ain is the intersection of

normalized absorption and emission spectra of chromophores

effect on the optical properties of the silicon phthalocyanine ring.

In order to complete the photophysical characterization, fluorescence emission spectra were
acquired. Figure 4 shows the comparison of normalized fluorescence emission spectra, registered
in CHCIs, of (ArS)4SiPc 1 and (ArS)sSiPc 2 and both presented similar features. For example,
when a CHCl; solution of (ArS)4SiPc 1 was excited at Q band shoulder wavelength, 644 nm, the
emission spectrum revealed a fluorescence band with a maximum centered at 727 nm and also a
blueshifted shoulder at 804 nm, while when (ArS)sSiPc 2 was excited at 665 nm, the maximum
and shoulder of the emission band appeared at 751 and 835 nm respectively (Fig. 4).

UV-vis and fluorescence properties, together optical band gap energy values (E;°) are
summarised in Table 1.

Finally, electrochemical measurements were obtained for reference compounds (ArS).SiPc 7
and (ArS)sSiPc 9 registering differential pulse voltammograms (DPV) in degassed benzonitrile
solutions (Fig. 5). Both compounds exhibit clear and sharp reversible waves either in cathodic or
anodic regions. As expected, the oxidation potential of (ArS):SiPc 7 is higher than that of
(ArS)sSiPc 9 (0.68 and 0.65 V vs Fc/Fc*) while the reduction potential is lower for (ArS)sSiPc 9
(-0.83 and -0.84 V vs Fc/Fc*). This confirms differences in the electronic character of both
compounds, due to a different number of peripheral 4-methylthiophenyl peripheral substituents,
supporting the better electron donor character nature of (ArS)sSiPc 9 over that of (ArS).SiPc 7.

Table 2 shows a summary of the electrochemical properties of (ArS).SiPc 7 and (ArS)sSiPc 9
reference compounds which, as has been already stated, can be

Table 2. (ArS)4SiPc 7 and (ArS)sSiPc 12 electrochemical properties.

Compound Eox Erea 1 Erea 11 *Enomo =ELumo w+EgpQ
(V vs Fc/Fc") (Vs Ec/Fc¢")  (V vs Fe/Fc*) (eV) (eV) (eV)

(ArS).SiPc 7 0.68 -0.84 -1.28 4.12 5.64 1.52

(ArS)sSiPc 12 0.65 -0.83 -1.24 4.15 5.63 1.48

“Enomo have been calculated using Enomo(eV) =-4 8. — Eox(V vs Fc/Fc*)
“Erumo have been calculated using ELumo(eV) =—4 8. — Eredl(V vs Fe/Fc )"

e

Electrochemical band gap energy “(E Q) values have been estimated using EgfQ = (ELumo-
Enomo)eV.
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Fig. 5. Differential pulse voltammograms of (a) (ArS)sSiPc 7 and (b) (ArS)sSiPc 12, registered in benzonitrile solution
and using, tetra-butyl ammonium hexafluorophosphate (BusNPFs) as supporting electrolyte, platinum wire, glassy
carbon and non-aqueous Ag/AgNOs as counter, working and reference electrodes, respectively, and ferrocene (Fc/Fc*)
as internal standard.

assimilated to those of (ArS).SiPc 1 and (ArS)sSiPc 2 respectively.

It can be appreciated how band gap energy obtained from electrochemical methods are in
agreement with those obtained from optical measurements, within approx. 0.2V.

CONCLUSION

We have described for the first time a good yield procedure using microwave irradiation for
the synthesis of tetra- and octa-thiophenyl-substituted silicon phthalocyanines. The new
compounds that present two carboxylic acids in the axial position are quite interesting targets for
the investigation of the construction of photoactive MOFs materials.
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phthalocyanines axially substituted with carboxylic acids for MOF materials”

Synthesis of 4-methylthiophenyl silicon

phthalocyanines axially substituted with carboxylic

acids for MOF materials

Victor Sobrino-Bastan®, Luis Martin-Gomis® and Angela Sastre-Santos®*

Area de Quimica Organica, Instituto de Bioingenieria, Universidad Miguel Hernandez, Avda.
Universidad S/N, 03202, Elche, Spain.

Figure S 1. HR-MALDI TOF spectrum (positive mode) of (ArS)4SiPc 1......ccoooveiveieieneenen.
Figure S 2. HR-MALDI TOF spectrum (positive mode) of (ArS)sSiPc 2........cccvevvvciveieneennen.
Figure S 3. HR-MALDI TOF spectrum (negative mode) of (ArS)4SiPc(OH), 6.............c.........
Figure S 4. 'H NMR spectrum, registered in CDCl; at RT, of (ArS)aSiPc 7....ocooveveveveveverenennnnn.
Figure S 5. UV-vis spectrum, registered in CHCl3 at RT of (ArS)4SiPc 7....coovevvveiveiieiieenen.
Figure S 6. HR-MALDI TOF spectrum (positive mode) of (ArS)4SiPc 7.....cccoevveivecieieeeennen.
Figure S 7. HR-MALDI TOF spectrum (positive mode) of (ArS)gSiPc(OH); 11 ......................
Figure S 8. '"H NMR spectrum, registered in CDCls at RT, of (ArS)sSiPc 12.......coovvrvrvernnnnen.
Figure S 9. UV-vis spectrum, registered in CHCIl3 at RT of (ArS)sSiPc 12......ccccoevevirveeennene.

Figure S 10. HR-MALDI TOF spectrum (positive mode) of (ArS)sSiPc 12........ccccvvevvvereveennen.
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2.2 Article :” Tunable J-type aggregation of silicon phthalocyanines in a surface-

anchored metal-organic framework thin film”
Cite this: Phys. Chem. Chem. Phys.,
2023, 25, 19626

Introduction

Tunable J-type aggregation of silicon phthalocyaninesin a
surface-anchored metal—organic framework thin film¥

Hongye Chen,? Luis Martin-Gomis, Zhiyun Xu,?Jan C Fischer,®lan A Howard, “'¢

David Herrero,? Victor Sobrino-Bastan,? Angela Sastre-Santos, “/*° Ritesh Haldar*dand Christof Wo™ll
*ka

Organic chromophores and semiconductors, like anthracene, pentacene, perylene, and porphyrin, are prone to aggregation, and
their packing in the solid state is often hard to predict and difficult to control. As the condensed phase structures of these
chromophores and semiconductors are of crucial importance for their optoelectronic functionality, strategies to control their
assembly and provide new structural motifs are important. One such approach uses metal-organic frameworks (MOFs); the organic

chromophore is converted into a linker and connected by metal ions or nodes. The spatial arrangement of the organic linkers can
be well-defined in a MOF, and hence optoelectronic functions can be adjusted accordingly. We have used such a strategy to assemble
a phthalocyanine chromophore and illustrated that the electronic inter-phthalocyanine coupling can be rationally tuned by
introducing bulky side grounds to increase steric hindrance. We have designed new phthalocyanine linkers and using a layer-by-
layer liquid-phase epitaxy strategy thin films of phthalocyanine-based MOFs have been fabricated and their photophysical properties
explored. It was found that increasing the steric hindrance around the phthalocyanine reduced the effect of J-aggregation in the

thin film structuresaround the phthalocyanine reduced the effect of J-aggregation in the thin film structures.
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Introduction

Metal-organic frameworks (MOFs) are crystalline,
permanently porous solids.! MOFs, also known as porous
coordination polymers (PCPs), are obtained by linking
metal ions or metaloxo nodes with functionalized organic
linkers. Since huge libraries exist for each of these
building blocks, the number of metal and organic linker
combinations is virtually infinite and many different
topologies of MOFs have been reported till date.? Based
on the connectivities and geometries of the constituents,
the porosity in MOFs can vary and surface areas as high
as B7000 m? g' have been reported.’> This provides the
basis for many applications; e.g. gas storage,
separation,*® catalysis®’ and sensing.®’ In addition to
their high intrinsic porosity, MOFs also offer the
possibility to assemble functional organic molecules into
structures with predefined packing and

5

aInstitute of Functional Interfaces (IFG), Karlsruhe Institute of Technology (KIT),
76344 Eggenstein-Leopoldshafen, Germany. E-mail: christof.woell@kit.edu A ‘rea
de Qui'mica Organica, Instituto de Bioingenieri'a, Universidad Miguel
Herna'ndez, Avda Universidad S/N, 03202, Elche, Spain. E-mail: asastre@umbh.es
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Institute of Microstructure Technology, Karlsruhe Institute of Technology (KIT),

76344 Eggenstein-Leopoldshafen, Germany ¢ Tata Institute of Fundamental
Research Hyderabad, Gopanpally, Hyderabad

500046, India. E-mail: riteshhaldar@tifrh.res.in
T Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3¢cp01865b

spatial geometry. In this context, isoreticular strategies
are of pronounced interest.!®!! In the context of
photoactive materials, recently in particular MOF-based
optoelectronic applications have received substantial
attention.!?"13

The crystalline structure of MOFs allows to precisely
determining the positions of the organic linkers and the
metal ion nodes. Hence, standard quantum chemistry
codes can be applied in a straightforward fashion to
interpret experimental findings, a task which is
substantially more complicated for amorphous materials.
In addition, possible structures can be investigated in
silico prior to the experimental realization.'®!” The inter-
linker and metal ion distances as well as the overall

This journal is © the Owner Societies 2023
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geometry are crucial parameters to tune the electronic
coupling between the MOF building blocks. Properties
like electron transfer, energy transfer, charge mobility,
and recombination rate can show pronounced variations
for even slight variation of structural parameters. Hence
MOFs can provide excellent model systems to study
electronic and optical properties of chromophoric
assemblies. In addition, these materials can be integrated
into devices in a straightforward fashion, as has been
demonstrated in a number of -cases, including
photovoltaics, light emitting diodes, and transistor-
related applications.'®!” In recent years, the following
properties and applications have been explored for
MOFs; metallic conductivity,?®?! high charge carrier
mobilities,* charge transfer,” light emitting diodes,**
photovoltaics,” efficient and anisotropic energy
transfer,”® photodiodes,?’ integration of electric fields,?®
and thermoelectric effects.”” For many of these
applications, the most common form of MOFs,
polycrystalline powder, is not well suited since the
integration of particulate material into devices represents
a major challenge. For numerous types of model systems
and devices, the fabrication of MOF thin films deposited
on a conducting or transparent surface is required. For
this reason, a number of different methods have been
developed for MOF thin film deposition. In the present
paper, we have employed the surface-anchored MOF
(SURMOF) approach to fabricate optically active silicon-
phthalocyanine-based MOF thin films exhibiting J-type
electronic coupling.

Different organic semiconductors, e.g. anthracene,
perylene, pentacene, perylenediimides,
naphthalenediimide, porphyrin and phthalocyanine have
been assembled into MOF structures, and also as MOF
thin films.'®*%37 Phthalocyanines, with their unique
macrocyclic structure, exhibit strong p—p interactions and
can self-assemble into supramolecular aggregates.
However, this type of aggregation is not as common as in
other chromophores due to the planar and rigid structure
of phthalocyanine molecules, which restricts the
formation of the required face-to-face stacking necessary
for J-aggregate formation. Different strategies have been
designed in order to achieve this kind of aggregation,*
but the number of known cases is still rather limited.
Since due to their rather special characteristics
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phthalocyanine J aggregates are very promising
candidates for applications in various optoelectronic
devices, including organic solar cells, light-emitting
diodes, and photodetectors, more rational strategies are
required to assemble these highly interesting macrocycles
into ordered arrays.

Here, we focus on silicon phthalocyanines (SiPcs) (see
Fig. 1), chromophores which are known to exhibit strong
absorption in the visible range (far-red) of the absorption
spectrum. Along with an intense visible color, for these
SiPc compounds the tendency towards aggregation (and
thus to wunwanted quenching of excitations by
intermolecular coupling) is strongly reduced due to the
presence of axial substitution of the Si. Hence, these SiPc
molecules have received pronounced interest in the
context of biological as well as optical applications.

For the integration of these chromophores into MOFs,
the corresponding organic compounds need to be
equipped with coupling groups, thus yielding a MOF
linker. Hence, we have functionalized the SiPc
compounds by attaching —-COOH groups at the axial
positions. Although at first sight the resulting ditopic
linkers appear to be very bulky, we have demonstrated in
previous work that MOF thin films can be successfully
assembled from the SiPc 1 as linkers, with the resulting
SURMOFs showing the formation of an interesting type
of polaritons.*® In this contribution, we demonstrate that
the optical properties of SiPc-based SURMOFs can be

(o) 0”0
>\Q\ v
Q—\(/ @ ‘%& = > Y
=N., [ .N—% =N.. LN
N Si N Ny N,Sl N N

SiPc 1 SiPc 2

Fig. 1 Chemical structure of the four ditopic silicon phthalocyanine linkers.
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varied in a rational fashion by tuning the intermolecular
electronic coupling. We have designed three new
sterically modulated silicon phthalocyanine
dicarboxylate linkers (SiPc 2-4) and synthesized
isostructural MOF thin films using the layer-by-layer
liquid-phase epitaxy method. Introduction of the bulky
tert-butyl and dimethylphenoxy groups in the SiPc
linkers changes the linker—linker distance in the MOF
structure, and thus the electronic coupling of the
chromophores is modulated (Scheme 1). On the other
hand, we have incorporated phenyl (SiPc 3) and biphenyl
(SiPc 4) linkers in the axial SiPc position to study the
effect of the axial linker in the SURMOF organization. A
photophysical characterization of these new SiPc
SURMOFs revealed that the SiPc linkers in the MOF
structure exhibit J-type coupling. In the followings we
have demonstrated how MOFbased design approach can
be useful to systemically tune the J-type electronic
coupling, which is important for many optoelectronics
applications, including photovoltaics, and light emitting
diodes.

Results and discussion

SiPc 2 was directly obtained from (‘Bu)sSiPc(ArCHO),
5% through a mild oxidation step, employing a mixture of
sulfamic acid and sodium chlorite in THF/H,O at RT
during 12 h

HO_ O

®
o 1 5

SR rors SRR
e

HO™O O
HO™YO
SiPc 3 SiPc 4
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(Scheme 2). On the other hand, SiPc 3 and
SiPc 4 were obtained employing the already
described mild oxidation protocol (Scheme
3), over both formyl groups of
(ArO)sSiPc(ArCHO); 6 and
(ArO)sSiPc(Ar,CHO), 7, respectively.*! All
the new compounds were unambiguously
characterized by '"H NMR and UV-vis
absorption spectroscopy, and HR MALDI-
TOF mass spectrometry (see Experimental
section and Fig. S1-S9, ESI¥).

The designed SiPc linkers are linear and
ditopic. These are thus suited, in principle,
to coordinate to Zn-based paddlewheel type
nodes to produce a SURMOF-2 type
structure, as demonstrated in our previous
works.?**242 The SiPc linkerbased
SURMOF-2 structure was fabricated using
a layer-by-layer synthesis (Scheme 1).* The
out-of-plane and in-plane X-ray diffraction
(XRD) patterns suggested the presence of a
2D square grid of sheets stacked along the
substrate plane ([010] direction) with a
regular spacing of 1.1 nm,* as reported for
similar Zn-based porphyrin-based
SURMOFs.? In such a structure, the
phthalocyanine aromatic plane is oriented
orthogonal to the metal-coordination axis,
and two phthalocyanines of the neighboring
2D sheets interact in an edge-to-edge
fashion, as illustrated in Scheme 1. The
newly synthesized SiPc 2, SiPc 3 and SiPc
4 linkers have bulkier substituents in
comparison to

H 20‘
THF/H20 5:1 viv
RT, 12 h
82%

(fBu)4SiPC(ArCHO)g 5
Scheme 2 Synthesis scheme of SiPc 2.

the SiPc 1, and these are marked in red in
Fig. 1. Due to the presence of the sterically
demanding functional groups, we expected

This journal is © the Owner Societies 2023

e
‘51 H4NO4S / NaCIO,
— SiPc2

that the inter-layer spacing will increase'
for these three new SiPc linkers, leading to
a different electronic coupling in the
corresponding MOF structures.

The out-of-plane and in-plane XRD
patterns of Zn-SiPc 2 are very similar to
that obtained from the Zn-SiPc 1, indicating
the presence of a similar structure (Fig. 2b
and Fig. S10, ESIT). This is expected as the
length of the SiPc 2 linker (i.e. distance
between the two carboxylic acid groups) is
identical to SiPc 1. In contrast, for the Zn-
SiPc 3, most likely due to the hindrance of
the dimethylphenoxy groups, no crystalline
thin film was obtained. For Zn-SiPc 4, the
XRD pattern revealed that the square grid
unit cell dimension is larger, B2.9 nm. This
is due to the increased length of the SiPc 4
linker along the metalcoordination axis. A
detailed characterization of the SiPc-based
SURMOFs using infra-red reflection
absorption spectroscopy was fully
consistent with the presence of paddle-
wheel nodes (Fig. S11, ESIT). The scanning
electron microscopy (SEM) images of the
Zn-SiPc 2 and Zn-SiPc 4 confirmed the
continuous thin film formation (Fig. S12,
ESI).

After the structural and spectroscopic
characterization of the Zn-SiPc SURMOFs,
we have carried out a photophysical
characterization of the thin films. In Fig. 3,
we present the absorption spectra of the
three SiPc linkers (SiPc 1, SiPc 2 and SiPc
4) recorded for their solvated state and for
the SURMOFs. In the solvated state, the
SiPc 1 linker shows a sharp intense peak at
683 nm, corresponding to the Q-band. The
Soret band transition appears at B350 nm.
As a result of the tertiary butyl and phenoxy
substitution of the SiPc, the Q-band maxima
is shifted to higher wavelengths, 691 and
694 nm, respectively. After assembly into
the SURMOF, all the Q-band peaks shift to
longer wavelength compared to the solvated
linkers. The red shift is largest for Zn-SiPc
1, BS7 nm. For SiPc 2 and 4, the shifts are
smaller and amount to B29 and B10 nm,
respectively. Evidently, the different
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packing of the chromophores resulting from
the coordination to the metal and to yield
the SURMOF-2 structure enforces an edge-
to-edge SiPc stacking and yields a change

a0l

than in the cases of Zn-SiPc 2 and 4, the
electronic coupling is strongest, and hence
the solvatochromic shift is largest. For Zn-
SiPc 3, because of the very bulky
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in the Q-band transitions. The transition
dipoles governing the corresponding
excitation are aligned in a head-totail
fashion and the lowering of the electronic
transition energy indicates a J-type
electronic coupling between the SiPc
linkers of neighboring 2D layers. The
solvatochromic shift,*i.e. the difference of
the Q-band maximum observed for the
solvated state and the SURMOF state, can

be considered as a measure of the
strength of the J-type electronic coupling.
As in Zn-SiPc 1 the linkers of the
neighboring 2D layers are closer in space
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substitution on SiPc, the 2D layers are not

close enough to induce strong electronic
coupling. Hence, using this sterically bulky
substitution approach, it is possible to fine
tune electronic coupling. Note, that while
inducing such changes in the chromophore—
chromophore
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spacing via adding steric control units,
the overall topology of the MOF structure
does not change. To gain further
information on the photophysical properties
of these aggregated SiPc linkers, we have
carried out temperature dependent
absorption spectra measurements for non-
substituted Zn-SiPc 1 (Fig. 4a and b) and
for the bulkiest substitution, Zn-SiPc 4 (Fig.
4c and d). For both SURMOFs, a B4 nm
blue shift was observed upon lowering the
temperature. Similar spectral change
indicates that the electronic coupling nature
may be similar. As we have observed very
small bathochromic shift for Zn-SiPc 4
compared to the monomer state of SiPc 4,
the electronic coupling can be considered
weak. However similar temperature
dependency confirms that for both of the
structures J-coupling is present.

Conclusion
In conclusion, we have synthesized three
new SiPc dicarboxylic acids and
demonstrated that two of them can be used
as organic linkers to fabricate MOF thin
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films, or SURMOFs, using a layer-bylayer
approach. We propose a SURMOF-2 type
structure for the corresponding MOF thin
films, where the SiPc linkers are connected
by Zn-paddle-wheel nodes to form a 2D
layer. These 2D layers are then arranged to
yield stacks with the individual planes
oriented perpendicular to the substrate.
Within this 3D structure, the SiPc linkers of
the neighboring 2D layers interact in an
edgeto-edge fashion. From a photophysical
characterization we conclude that this
interaction leads to J-type electronic
coupling. By using the isoreticular MOF
design principle, we have designed MOF
films with different extent of J-coupling
interactions, as evidenced by the absorption
spectra measurements. Temperature
dependent measurements indicated that
even with the bulky substitution, J-type
coupling remains intact. The strategy
presented here illustrates that in MOF
electronic interactions can be modulated
with fine control, and the consequent
electronic and optical properties can be
studied in a straightforward fashion using
the thin film structure.

600 750 800

0.0
550
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Experimental section

Zinc acetate dihydrate was purchased from
Merck Millipore. 16-
Mercaptohexadecanoic acid (MHDA,
97%), was purchased from Sigma-Aldrich
(Germany). Absolute ethanol was
purchased from VWR (Germany). All other
chemicals were reagent grade, purchased
from commercial sources, and were used as
received unless otherwise specified. NMR
spectra were acquired on a Bruker 400
MHz spectrometer. UV-vis spectra were
recorded on a PerkinElmer LAMBDA 365
UV-WinLab spectrophotometer (for the
solution). The thin film (grown on quartz
glass) spectra were recorded in transmission
mode, using a Cary 5000 spectrometer with
a UMA unit from Agilent. The SEM
measurements were carried out using a
Field Emission Gun (FEI) Philips XL
SERIES 30 ESEM-FEG (FEI Co.,
Eindhoven, NL). Thin films were coated
with a B5 nm thick gold/palladium film
before recording the SEM micrographs.
High-Vacuum (1.5 torr) was applied with
all specimen, using 20 keV acceleration
voltage. High-resolution mass spectra were
obtained from a Bruker Reflex II matrix-
assisted laser desorption/ionization time-
offlight (MALDI-TOF) spectrometer using
dithranol as matrix. Fig. 4 Temperature
dependent absorption spectra for (a), (b)
Zn-SiPc 1 and (¢), (d) Zn-SiPc 4. PCCP
Paper Open Access Article. Published on
03 July 2023. Downloaded on 12/9/2025
4:14:07 PM. This article is licensed under a
Creative Commons Attribution 3.0
Unported Licence. View Article Online
This journal is © the Owner Societies 2023
Phys. Chem. Chem. Phys., 2023, 25,
19626-19632 | 19631 The XRD
measurements for out-of-plane (co-planar
orientation) were carried out using a Bruker
D8-Advance diffractometer equipped with a
position sensitive detector Lynxeye in
geometry, variable divergence slit and 2.31
Soller-slit was used on the secondary side.
The Cu-anodes which utilize the Cu Kal,2-
radiation (1 = 0.154018 nm) were used as

This journal is © the Owner Societies 2023

source. The temperature-dependent
absorption measurements were carried out
with the sample situated in a closed-cycle
Helium cryostat (Oxford Instruments
OptistatDry TLEX). The cryostat sample
chamber was evacuated to a pressure of
0104 hPa. In a temperature range from 300
K to 200 K, the sample was illuminated
with collimated white-light that was then
captured by a spectrometer. A fiber-coupled
Ocean Optics DH-2000-BAL Deuterium—
Halogen lamp served as a white-light
source using one output port of a bifurcated
optical fiber (QBIF600-UV-BX). The
transmitted spectrum was recorded with an
Avantes AvaSpec-2048L-USB2
spectrometer with a Thorlabs FP1000URT
optical fiber attached.

Preparation of SiPc 2
(‘Bu)sSiPc(ArCHO), 4 (50 mg, 0.048
mmol), sulfamic acid (H:NOsS, 35 mg,
0.361 mmol) and sodium chlorite (25 mg,
0.276 mmol) in a 5:1 THF/H,0O mixture (18
mL) were stirred at room temperature, and
avoiding direct light exposure, for 12 h. The
crude product was evaporated to dryness,
and repeatedly washed with 1:1 MeOH/H,O
mixture, in order to obtain 42 mg of pure
product (82%) as blue-green solid. HR-MS
(MALDI-TOF, dithranol) m/z [M] calcd for
CesHssNsOsSi 1094.4251; found 1094.4257.
'H NMR (400 MHz, DMSO-de) d 9.79—
9.58 (m, 8H, Pc-Ar-H), 8.70-8.60 (m, 4H,
Pc-Ar-H), 6.87 (d, J = 8.4 Hz, 4H, Ar-H),
5.13 (d, J = 8.5 Hz, 4H, Ar-H), 1.79-1.73
(m, 36H, 4Bu). UV-vis (THF): lmax, nm
(loge) 360 (5.21), 620 (5.18), 690 (5.89).

Preparation of SiPc 3
(ArO)sSiPc(ArCHO), 6 (70 mg, 0.039
mmol), sulfamic acid (Hs:NOsS, 59 mg,
0.608 mmol) and sodium chlorite (42 mg,
0.464 mmol) in a 4:1 THF/H>O mixture (25
mL) were stirred at room temperature, and
avoiding direct light exposure, for 24 h. The
crude product was evaporated to dryness,
and repeatedly washed with 1:1 MeOH/H,O
mixture, to obtain 66 mg of pure product
(93%) as blue-green solid. HR-MS
(MALDI-TOF, dithranol): m/z [M] caled
fOl‘ C] 12H90N30168i 1831 .6278; found
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1831.6441. '"H NMR (400 MHz, DMSO-ds)
d 8.02 (8H, m, H-Pc), 7.62-7.45 (24H, m,
H-Ar), 6.78 (4H, d, J = 8.3Hz, H-Ar), 4.86
(4H, d, J = 8.3Hz, H-Ar), 2.36 (48H, s, 16
CHs). UV-vis (THF): I, nm (loge) 366
(4.98), 426 (4.54), 624 (4.56), 665 (4.55),
694 (5.42).

Preparation of SiPc 4
(ArO)sSiPc(Ar,CHO), 7 (35 mg, 0.018
mmol), sulfamic acid (HsNOsS, 28 mg,
0.288 mmol) and sodium chlorite (20 mg,
0.288 mmol) in a 6:1 THF/H>O mixture (12
mL) were stirred at room temperature, and
avoiding direct light exposure, for 12 h. The
crude product was evaporated to dryness,
and repeatedly washed with 1:1 MeOH/H,O
mixture, to obtain 30 mg of pure product
(84%) as blue-green solid. HR-MS
(MALDI-TOF, dithranol): m/z [M]" caled
for C124H98N80168i 1983.6904; found
1983.6744.

1

H NMR (400 MHz, CDCl3) d 8.20 (8H, m,
H-Pc), 7.79 (4H, d, J: 8.3 Hz, H-Ar), 7.36
(24H, brs, H-Ar), 7.02 (4H, d, J: 8.3 Hz, H-
Ar), 6.46 (4H, d, J: 8.3 Hz, H-Ar), 5.14 (4H,
d, J: 8.3 Hz, H-Ar), 2.42 (48H, s, 16 CHs).
UV-vis (THF): Imnax, nm (loge) 366 (4.89),
424 (4.46), 623 (4.49), 666 (4.52), 692
(5.33).

Preparation of Zn-SiPc 2 and Zn-SiPc
4

Syntheses of the SURMOFs are carried out
following the previous procedure. Ethanolic
solution of 1 mM zinc acetate and 20 mM
SiPc 2/4 solutions (in ethanol) were
sequentially deposited onto the precleaned
substrates (cleaned by UV-ozone, Si or
quartz glass) using spin coating method in a
layer-by-layer fashion. After the metal or
linker coating, the samples were rinsed with
ethanol to remove unreacted metal/linker or
byproducts from the surface. For metal and
linker both, the spin coating time is fixed as
10 s with rpm of 2000.
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Fig. S4 HR-MS MALDI ToF spectra of SiPe¢ 3.
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Fig. S5 '"H NMR spectrum of SiPc 3.
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Fig. S6 UV-Vis spectrum of SiPc¢ 3.
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Fig. S7 HR-MS MALDI ToF spectra of SiPc¢ 4.
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Fig. S8 '"H NMR spectrum of SiPc 4.
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Fig. S11 FT-IRRAS spectra of Zn-SiP¢ 2 and 4.
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Fig. S12 SEM images of a) Zn-SiP¢ 2 and b) 4 grown on Si/Si0O; substrate (top panel:

morphology, middle panel: shows elemental analysis results, bottom panel: cross
section).
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. For the structural simulation and analysis of the SURMOFs studied, a CIF file
corresponding to the molecule SiPc-(CO;H),''® was used as a reference, whose topology and
connectivity are similar to those of the new SURMOFs generated in this work. The CIF provides
complete crystallographic information, including atomic positions and unit cell parameters, which
are essential for accurately modeling the structure at the atomic level.

_cell length a 21.6143
_cell_length b 21.6661 | 11 l \ | |
_cell length ¢ 11.3401

These values represent the lengths of the vectors defining the unit cell along the a, b,
and c directions, determining both the cell volume and the relative arrangement of atoms within
the structure. Since the linkers employed in this work present modifications relative to the
original CIF, the unit cell parameters a and b were systematically adjusted based on the out-of-
plane X-ray diffraction patterns obtained for the synthesized SURMOFs. This refinement
ensures that the simulated cell accurately reflects the real structure.

The adjustment is validated by comparing the simulated diffraction peaks with the
experimental ones: the good agreement between both confirms that the CIF-derived structure is
consistent with the experimental sample

data_cif

_audit_creation_method 'generated by GULP'

_symmetry space group name H-M P 1'

_symmetry Int Tables number 1
_symmetry cell setting triclinic
_cell_length a 21.6143
_cell length b 21.6661
_cell length ¢ 11.3401
_cell angle alpha 90.0000
_cell angle beta 90.0000
_cell angle gamma 90.0000

This journal is © the Owner Societies 2023 Phys. Chem. Chem. Phys., 2023, 25, 19626-19632 | 215



loop

_atom_site label

_atom_site_fract x
_atom_site fract y

_atom_site fract z

_atom_site_occupancy

O1
01
C2
O1
Zn3
Zn3
O1
C2
O1
0O1
C2
O1
O1
C2
C2
C2
C2
C2
C2
C2
C2
N4
C2
NS
C2

0.00000
0.90558
0.87133
0.89499
0.00234
0.99249
0.99081
0.98513
0.98487
0.09863
0.12405
0.09085
0.01367
0.00950
0.49490
0.50932
0.51723
0.51070
0.49677
0.48818
0.51492
0.50488
0.49186
0.52517
0.55135

0.90551
0.99984
0.99353
0.99565
0.01176
0.00308
0.10869
0.13378
0.10030
0.02127
0.01811
0.01102
0.91529
0.88128
0.68791
0.70816
0.77142
0.81264
0.79323
0.73083
0.87594
0.89787
0.84531
0.90797
0.25718

0.10423
0.90871
0.99943
0.10233
0.91930
0.12399
0.93822
0.03938
0.13185
0.94039
0.04155
0.13364
0.91193
0.00325
0.11687
0.23201
0.25548
0.16154
0.05099
0.02462
0.15696
0.04526
0.98209
0.24969
0.82828
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1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
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C2
C2
C2
C2
C2
C6
N5
C7
N5
N5
C2
C2
C2
C2
C2
C2
C2
N4
C2
C2
C2
C2
C2
C2
C2
C2
N4
C2
N5
Si8
09
09

0.50236
0.47022
0.48730
0.53480
0.56852
0.46778
0.49566
0.54597
0.54492
0.43942
0.55886
0.56499
0.56037
0.54914
0.54286
0.54778
0.54226
0.52898
0.53098
0.38849
0.40221
0.42856
0.44135
0.42743
0.40079
0.46724
0.47242
0.44623
0.47635
0.50042
0.42085
0.57328

0.24528
0.18894
0.14665
0.15779
0.21265
0.08355
0.05954
0.10065
0.11289
0.04992
0.04357
0.10464
0.11722
0.06766
0.00903
0.99477
0.06475
0.00557
0.97228
0.92526
0.86324
0.84822
0.89649
0.95620
0.97267
0.89669
0.95516
0.99118
0.84218
0.97863

0.97307
0.98097

0.74925 1.0000
0.75442 1.0000
0.84130 1.0000
0.91683 1.0000
0.91238 1.0000
0.86133 1.0000
0.95184 1.0000
0.98566 1.0000
0.10960 1.0000
0.76868 1.0000
0.53561 1.0000
0.49359 1.0000
0.37210 1.0000
0.29624 1.0000
0.33676 1.0000
0.45648 1.0000
0.17566 1.0000
0.13870 1.0000
0.24028 1.0000
0.48010 1.0000
0.50840 1.0000
0.61824 1.0000
0.69601 1.0000
0.66930 1.0000
0.56162 1.0000
0.80710 1.0000
0.84891 1.0000
0.76415 1.0000
0.87281 1.0000
0.99272 1.0000
0.02574 1.0000
0.92234 1.0000
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C2
C2
C2
C2
C2
C2
C6
010
C2
C2
C2
C2
C2
C2
C6
0o10
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11

0.19206
0.22045
0.28497
0.32209
0.29368
0.22927
0.39020
0.41526
0.80480
0.78478
0.72278
0.67928
0.69863
0.76130
0.61378
0.60346
0.48873
0.51415
0.52793
0.47663
0.57647
0.49005
0.43374
0.60728
0.56255
0.57332
0.56515
0.54259
0.36852
0.39256
0.43940
0.39072

0.02141
0.04181
0.04358
0.02346
0.00302
0.00269
0.02172
0.05395
0.98086
0.94927
0.93314
0.94947
0.98258
0.99733
0.93265
0.88325
0.63917
0.67490
0.78746
0.71581
0.30030
0.27925
0.17853
0.22041
0.03428
0.14192
0.16382
0.94787
0.93641
0.82709
0.80088
0.02035

0.05108 1.0000
0.15540 1.0000
0.16429 1.0000
0.07000 1.0000
0.96588 1.0000
0.95597 1.0000
0.08034 1.0000
0.15506 1.0000
0.98408 1.0000
0.88303 1.0000
0.86981 1.0000
0.95620 1.0000
0.05587 1.0000
0.07076 1.0000
0.94044 1.0000
0.89163 1.0000
0.09958 1.0000
0.30260 1.0000
0.34357 1.0000
0.93628 1.0000
0.82290 1.0000
0.68333 1.0000
0.69215 1.0000
0.97095 1.0000
0.62914 1.0000
0.55511 1.0000
0.33894 1.0000
0.48789 1.0000
0.39519 1.0000
0.44516 1.0000
0.64062 1.0000
0.54058 1.0000
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HI11
HI1
HI1
HI11
HI11
HI1
HI1
HI1
C2
C2
C2
C2
C2
C2
C2
N4
C2
N5
C2
C2
C2
C2
C2
C2
C6
N5
C7
N5
N5
C2
C2
C2

0.19276
0.30580
0.32132
0.20852
0.81740
0.70867
0.66554
0.77571
0.24130
0.24279
0.19016
0.13704
0.13543
0.18712
0.08003
0.04161
0.07790
0.06785
0.66297
0.66453
0.72148
0.77543
0.77413
0.71834
0.83988
0.87578
0.83890
0.85126
0.85849
0.99279
0.92787
0.89449

0.05661
0.05922
0.98739
0.98640
0.93564
0.90824
0.99587
0.02179
0.41705
0.44248
0.47177
0.47407
0.44910
0.42063
0.50058
0.49209
0.46212
0.53143
0.51237
0.52326
0.52748
0.52104
0.51031
0.50560
0.52182
0.51264
0.50456
0.55277
0.52093
0.63760
0.64448
0.62244

0.22981 1.0000
0.24587 1.0000
0.89199 1.0000
0.87479 1.0000
0.81537 1.0000
0.79143 1.0000
0.12295 1.0000
0.14938 1.0000
0.98163 1.0000
0.09627 1.0000
0.14316 1.0000
0.07322 1.0000
0.96318 1.0000
0.91321 1.0000
0.09258 1.0000
0.99802 1.0000
0.91736 1.0000
0.18633 1.0000
0.04327 1.0000
0.92060 1.0000
0.86121 1.0000
0.92746 1.0000
0.04589 1.0000
0.10712 1.0000
0.89311 1.0000
0.98295 1.0000
0.08910 1.0000
0.17333 1.0000
0.77269 1.0000
0.48942 1.0000
0.48435 1.0000
0.38648 1.0000
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C2 0.92779  0.59476  0.29519 1.0000
C2 0.99048  0.58836  0.29988 1.0000
C2 0.02484  0.60891  0.39639 1.0000
C2 0.90857  0.56343  0.19607 1.0000
N4 0.95795  0.54049  0.13443 1.0000
C2 0.00787  0.55557  0.20115 1.0000
C2 0.92951 0.45624  0.43553 1.0000
C2 0.99136  0.43552  0.44595 1.0000
C2 0.02372  0.44289  0.55210 1.0000
C2 0.99304 0.47143  0.64508 1.0000
C2 0.93377  0.49270  0.63475 1.0000
C2 0.89999  0.48517  0.53105 1.0000
C2 0.00935  0.47709  0.76146 1.0000
N4 0.96261  0.50260  0.82429 1.0000
C2 0.91535  0.50993  0.74622 1.0000
N5 0.06501  0.45315  0.80808 1.0000
Si8 0.95889  0.51154  0.98182 1.0000
09 0.93977  0.43254  0.98815 1.0000
09 0.95804  0.58954  0.93888 1.0000
C2 0.97906  0.20160  0.04996 1.0000
C2 0.97974  0.22975  0.16154 1.0000
C2 0.97440  0.29370  0.17226 1.0000
C2 0.96773  0.33095  0.07163 1.0000
C2 0.96704  0.30295  0.95998 1.0000
C2 0.97283  0.23888  0.94918 1.0000
C6 0.96194  0.39878  0.08302 1.0000
010 0.96866  0.42237  0.17994 1.0000
C2 0.01475  0.81377  0.99048 1.0000
C2 0.05026  0.78862  0.89860 1.0000
C2 0.05233  0.72487  0.88105 1.0000
C2 0.01756  0.68520  0.95323 1.0000
C2 0.98253  0.71030  0.04581 1.0000
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C2

C6

010
HI11
HI11
HI1
HI1
HI1
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11
HI11

0.98185
0.01523
0.05599
0.28214
0.28475
0.19106
0.18575
0.61897
0.62172
0.72329
0.71770
0.01793
0.90354
0.84455
0.07444
0.90396
0.01400
0.07020
0.85213
0.98467
0.97512
0.96249
0.97225
0.07614
0.07944
0.95521
0.95381

0.77403
0.61819
0.59551
0.39501
0.43976
0.49199
0.40194
0.50909
0.52823
0.53549
0.49696
0.65383
0.66585
0.62574
0.60237
0.44904
0.41223
0.42505
0.49953
0.20237
0.31390
0.33059
0.21856
0.81838
0.70682
0.68070
0.79239

0.06547 1.0000
0.92897 1.0000
0.86733 1.0000
0.94594 1.0000
0.14807 1.0000
0.23044 1.0000
0.82472 1.0000
0.08838 1.0000
0.87202 1.0000
0.76707 1.0000
0.20111 1.0000
0.56593 1.0000
0.55707 1.0000
0.38348 1.0000
0.40049 1.0000
0.35482 1.0000
0.37380 1.0000
0.56224 1.0000
0.52499 1.0000
0.24087 1.0000
0.25958 1.0000
0.88087 1.0000
0.86194 1.0000
0.83978 1.0000
0.80851 1.0000
0.10225 1.0000
0.13644 1.0000
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