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1. Purpose of the research

The increasing demand for new safe functional materials with more effective, specific
properties is expanding the horizons of current research worldwide. Graphene-based
materials (GBM) have attracted interest because of their outstanding properties, such
as large surface area, mechanical stability, and optical transmittance. The conjugated
aromatic system has made these materials an ideal candidates for application as charge
carriers or promoters. Additionally, the oxidized structure of graphene, namely - graphene
oxide (GO), which includes various oxygen-based functional groups opens up the
possibilities for its functionalization with other materials or molecules. Unlike graphene,
GO can form stable aqueous suspensions, which makes it more suitable for some

applications e.g. water splitting or dye photodegradation.

One of the promising way to functionalize the GBM is to cover its surface with light-
harvesting molecules. An example of such type of molecules is porphyrins, because

of their intense absorption in the visible region.!

Bringing these two individual components, graphene-based material and porphyrin
molecule, into new hybrid materials may lead to important synergies.> The formation
of the hybrid material can be achieved through the formation of covalent bonds between
the components of the nanostructure or through non-covalent interactions (electrostatic,
hydrogen bonding, van der Waals). In recent years, particular attention has been paid
to porphyrin hybrids formed by non-covalent interactions. This interest results from the

ease with which they can be prepared and the high efficiency of this process.

Significant interest among the scientific community in the construction of porphyrin- and
graphene-based hybrid materials arises among others for possible application
in photocatalytic processes. The non-covalent porphyrin/GBM hybrids are promising
materials for improving the efficiency of photocatalytic systems such as organic dye
photodegradation and hydrogen production systems. Because of the unique properties
of GO and porphyrins, hybrid materials composed of these two were reported to be active
in photocatalytic reactions and solar energy conversion processes. One of the challenges
in increasing the efficiency of photocatalysis is to improve efficiency of charge
separation.® In this regard, graphene materials are very promising in enhancing formation

of the long-lived charge separation state.



However, research in this field lacks of comprehensive studies of the spectroscopic
properties of hybrid materials, including both steady-state and time-resolved
measurements (absorption and emission). It is believed that complete understanding
of the spectroscopic properties of the porphyrin/GBM, including the dynamics of charge
transfer, will pave the way to rationalize the design of novel materials for photocatalytic
applications. With this as background, there is a need for studies that will provide
in-depth understanding of factors affecting spectroscopic properties of porphyrin/GBM
hybrids including photoinduced electron transfer. Filling this gap would make it easier

and more efficient to design new materials for applications in the photocatalysis area.



2. Introduction and Literature Background

2.1 Graphene and graphene-based materials

Research on the structure of graphene material began in the mid-19th century. The name
for this material was proposed in 1962 by Hans Peter Boehm. It was also him who initially

characterized its structure using X-ray diffraction.’

Graphene was first isolated in 2004 by Andrei Geim and Konstantin Novoselov, who
glued adhesive tape to a graphite block and then tore it off. Subsequently the surface
of the tape was observed under a microscope. If the graphite layer was too thick, another
piece of tape was glued to the tape. The operation was repeated until a single layer
of graphene of satisfactory dimensions was obtained. In 2010, Geim and Novoselov

received the Nobel Prize for their work on graphene.’

Graphene is one of the allotropic varieties of carbon. It is characterized
by a two-dimensional lattice composed of carbon atoms with sp? hybridization. Carbon
atoms form a flat (single-layer), hexagonal structure (Figure I). It is a perfectly flat
structure, and corrugations of the structure can only occur as a result of thermal

fluctuations. The distances between carbon atoms are 0.0142 nm®'! (Table 1).

Figure 1 Structure of graphene

Graphene is often referred to as the strongest and thinnest material in the world. Even
with such a strength, it is relatively flexible and thus can form different allotropes, such
as carbon nanotubes, nanohorns, and fullerenes.'?"!” The band structure of graphene

shows amazing conductivity and electron mobility (7able 1).



Table 1 Exemplary graphene properties

Property Ref

electron mobility ~200000-250000 cm? V! 57! ['¥]
thermal conductivity ~5000 W m™ K! 1]

carbon-carbon bond 0.0142 nm [*]

length

electrical conductivity? 6 x108S m™! [2021]

1 — at room temperature, 2- depends on the reduction technique

For the last almost 20 years, graphene and graphene-based materials have been a popular
research topic because of their unique properties and various possible modification.
The graphene-based materials were studied in various areas such as sensors, electronic
and biomedical devices or water purification treatment (Scheme 1). Another important
field of application of these materials is photocatalysis. The band structure
of graphene shows amazing conductivity and electron mobility. When the superior
conductivity of graphene is considered, its use as an electron acceptor and transporter
provides an ideal way to design new dye-sensitized photocatalysts. However, graphene
sheets are hydrophobic and tend to aggregate due to strong n-w interactions, which may

limit their application for example in water splitting or dye photodegradation.

INTEGRATED CIRCUITS
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Scheme 1 Exemplary applications of graphene-based materials’>*?



2.1.1 Graphene oxide and reduced graphene oxide

Graphene oxide (GO) is one of the most important forms of graphene which
is a solution-dispersible®*, and it is commonly produced by chemical exfoliation
of graphite through strong oxidization. It is widely considered as an individual 2D sheet
(with a height of 0.8 to 1.0 nm)*>3¢ of covalently bonded carbon atoms and is rich with
oxygen functional groups (e.g. hydroxyl, epoxide, and carbonyl groups). The exact
structure of GO has been the subject of debate for many years.’” The most widely
accepted structural model of GO is the Lerf-Klinowski model (Scheme 2).>8 In this model
the basal plane of GO is covalently surrounded by hydroxyl and epoxy groups, while
at the edges of the sheets mainly carboxylic groups are found*>*° (Scheme 2). Therefore,
GO contains aromatic (sp?) and aliphatic (sp*) domains which further expands the types
of interactions that can occur with its surface. All of these functional groups present
in the GO make it hydrophilic in nature, while the graphite and graphene are hydrophobic
in nature. GO can be easily dispersed in water and other polar solvents (DMF, THF)
to form stable colloidal suspensions®®*! Formation of stable dispersion in water make GO
suitable for applications in the photocatalytic processes that requires aqueous

environment.3®

EPOXY HYDROXY CARBONYL CARBOXYL

Scheme 2 Schematic structure of GO

The Hummer’s method is the most commonly used method for the synthesis of graphene

oxide. In brief, this method is based on oxidizing powdered graphite with KMnO4.*?



The GO material can be treated with a reducing agent — e.g. ascorbic acid (AA)*
or hydrazine*'*** to remove the oxygen functional groups and restore some of the

aromaticity. Through this process, it is possible to obtain reduced graphene oxide (rGO).
Functionalization of GO

The wide interest in graphene and graphene-based materials results from the fact that they
can be functionalized with organic molecules to obtain new graphene-based

nanomaterials with different properties from pristine graphene-based material.*®

The modification of graphene oxide can be both covalent and non-covalent in nature*’*®
(Scheme 3). Covalent linkages rely on the formation of covalent bond e.g amide or ester
between functional groups of GO and organic molecule. The non-covalent chemical
modification of graphene oxide with organic molecules is based on the molecular
interactions, such as electrostatic attraction, n-m stacking and hydrogen bonding between
graphene oxide and organic molecules. The great advantage of the latter strategy is that
it can combine the unique properties of the chromophore and graphene oxide.*’

Furthermore, the synthesis is facile, that is it requires only mixing of the organic molecule

solution with a dispersion of graphene oxide with the aid of stirring or ultrasonication.

S f::”g)

1. STEP: ativating COOH .
SOCl,, 24h 200G
2. STEP: TPPNH, i l,;'l [ ;[],1‘ [:ﬂv [‘u‘ | 1’,'|
DMF, 130°C, 72h AT RLLLIT
A"\\Q $90000¢
GRAPHENE OXIDE Yto
MODIFICATION
WITH TPPNH2 . NON-COVALENT

stirring, RT
ultrasonication

Scheme 3 Schematic illustration of the preparation of GO with covalently and non-

covalently linked porphyrin. Conditions for covalent functionalization were taken from>°



Non-covalent functionalization

Graphene-based materials can participate in various types of non-covalent interactions,
including hydrogen bonding, electrostatic attraction, and m-m bonding, which are
important for their functionalization.”! Usually n—n interactions with GO occur for
organic molecules and polymers with extensive aromatic systems. Van der Waals forces
are formed between graphene and GO with the same type of characteristics as for n—=n
interactions but the functionalizing entities should have a hydrophobic character.*’
While planar graphene sheets readily interact via m—m with other aromatic planar
molecules, this ability is weakened in rGO and GO compared to pristine graphene.
Two types of m—m interactions can occur between the electron-rich and electron-poor
regions of GBM, which influence their interaction with other molecules or nanomaterials:
face-to-face and edge-to-face arrangement. Hydrogen-bond formation and electrostatic
interactions can also occur between GBM and other molecules due to differences in the
overall charges and intermolecular distance. The oxygen functionalities on the surface
and edges of GO induce ionic interactions and hydrogen bond formation. The pKa of GO
is around 4.0 which means that under neutral pH carboxyl groups dissociate and GO has
a negative charge.’? This property allows for electrostatic interactions with positively
charged particles These non-covalent bonds do not interfere with the © system of the
graphene-based materials, and hence the properties offered by the unique sp? hybrid

planar structure is maintained.

2.2 Introduction to porphyrins

Porphyrins and metalloporphyrins are of particular interest in many areas (Scheme 4)
because of their photophysical, photochemical, and electrochemical properties. They are
well-known for their excellent photoactive properties.”® Porphyrin structure is based
on the four pyrole rings connected to each other. The rings are connected by methine
bridges and form a closed aromatic structure. The structure of all compounds belonging
to the porphyrin group is based on the structure of the simplest of them, porphyrin
(Figure 2). Metalloporphyrins are analogous to porphyrins, but with a central metal ion
incorporated within their structure. The formation of metalloporphyrins involves

replacing two hydrogen atoms in the porphine core with a positively charged metal ion.



Compounds containing Fe, Co, Zn, and Ni ions are among the most well-known

metalloporphyrins.3*8
CATALYSIS
BIOMIMETICS il
MILITARY
PORPHYRINS i
& SENSITIZERS FOR SOLAR CELLS
METALLOPORPHYRINS

\ /
oo .

CHRONIC PAIN MANAGEMENT HPLC STATIONARY PHASE

PHOTODIAGNOSIS SPECTROMETRIC REAGENTS

CANCER THERAPY SACCHARIDE RECOGNITION
CARRIERS FOR ANTICANCER DRUGS ARTIFICIAL OLFACTORY SYSTEM

BORON NEUTRON CAPTURE THERAPY
PHOTODYNAMIC THERAPY

Scheme 4 Exemplary applications of porphyrins and metalloporphyrins

Porphyrins are very reactive compounds that are involved in a number of chemical
transformations. Metallated porphyrins participate in a variety of reactions, including
oxidation/reduction reactions™~°, sulfur and nitrogen reduction reactions®’, methane

production®*, methyl group transfer®’, and light-harvesting reactions.®"-6?

Figure 2 The structure of porphyrin

Porphyrins play also a special role in many biological reactions. Heme porphyrins
(containing an iron atom) are very common in nature and have many functions: from the
storage and transport of O, (myoglobin, hemoglobin), through the transport of electrons

(cytochrome b, cytochrome c) to the activation and operation of O> (cytochrome P450,

10



cytochrome oxidase). Related macromolecules have been detected, including
chlorophylls (containing a magnesium atom), pheophytin (not containing a metal atom),

and vitamin B12 (containing cobalt) in plant and animal organisms.

Various substituents can be attached to porphyrins to modify their properties, with
substitution possible at either the B or meso position (Scheme 5). They can be designed
to exhibit specific molecular properties such as absorption in the visible range and redox

potential.

o £
8 1 21

Scheme 5 Representation of the f and meso positions in free-base porphyrin

Most porphyrins are water-insoluble compounds which limits their potential applications
in some processes such as water splitting or photodegradation of water pollutant.
However the introduction of the hydrophilic groups (such as carboxylates, sulfonic acids,
quaternary pyridinium, ammonium groups into the ring) can increase the solubility of the
compounds in water. The charge of the substituent can determine whether water-soluble

porphyrins are cationic or anionic.

2.2.1 Spectroscopy properties

The porphyrin family of compounds possesses a distinct electronic structure that leads
to a complex absorption spectrum. Porphyrins absorb light in the visible range.

The example of the absorption spectrum of the porphyrin is shown in Figure 3.

The explanation for the origin of the absorption spectra of porphyrin was proposed by
Gouterman.®** He presented the theory of the "four orbitals" in unison, in which the
absorption bands in the porphyrin system appear as a result of transitions between two

HOMO orbitals and two LUMO orbitals of the molecule (Figure 4). The relative energies

11



of these transitions are affected by the specific identities of the metal center and the
substituents on the ring. The HOMOs were calculated to be an alu and an a2u orbital,
while the LUMOs were calculated to be a degenerate set of eg orbitals.64 Transitions
between these orbitals gave rise to two excited states. Through orbital mixing, these two
states are split in energy, resulting in a higher energy state with greater oscillator strength,
which generates the Soret band, and a lower energy state with lower oscillator strength,

producing the Q-bands.

1.6 20.0x10°
24 - S5, x10 Abs
Soret or B(0,0) —— Absorbance
1.2 4 —— Emission [ 15.0x10° =
| =
S
¥ Q(0,0) g
& ®
£ 081 - 10.0x10° 3
=] o
[7,] -
=
< 0.6 - B
-
o
0.4 1 - 5.0x10° 2
0.2 -
0.0 - 0.0
400 500 600 700 800

Alnm

Figure 3 Absorption and emission spectra of porphyrin on the example of TPP porphyrin.
The TPP concentrations were 5 uM and 0.5 uM for absorbance and fluorescence

measurements, respectively. Adapted from ref [65] with permission from Elsevier (2008)

It has been well documented that changes in the conjugation pathway and symmetry

of a porphyrin can affect its UV-Vis absorption spectrum.53-:64:6¢

The porphyrin absorption spectrum can be divided into two regions. The first involves
the transition from the ground state to the second excited state (So — S») and the
corresponding band is called the Soret or B band. The absorption range is between 380
and 500 nm, depending on the substitution. The second region consists of a series of much
weaker bands in the visible region - Q bands at longer wavelengths (500-700 nm), which

are associated with transitions from So to Si. Porphyrins are known for their high molar

12



absorption coefficient in the Soret band region, typically ranging from 10*-10% dm* mol™!

cml,

(A) (B)

€gy LUMO +1
egx — LUMO
azu aiu
Q [Qy| B, |Bx
atu HOMO
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Figure 4 Porphyrin HOMOs and LUMOs. (A) Representation of the four Gouterman
orbitals in porphyrins. (B) Drawing of the energy levels of the four Gouterman orbitals
after the symmetry is reduced from Dy, to Cay. Adapted from ref [66]

Porphyrins and their derivatives exhibit a strong characteristic red fluorescence, which
is detectable even in the case of trace amounts of these molecules. Excitation from the
ground state So to any excited state leads to a very rapid radiation-free transition to the
lowest ground state S;. Fluorescence is generated from the S; state. The emission spectra
have two emission bands Q(0,0) and Q(0,1).®” Porphyrins are characterized by moderate

fluorescence quantum yields, typically ~0.1.

2.2.2 Aggregation of porphyrin molecules

Porphyrins and their analogues tend to self-aggregate, which is facilitated by a flat, wide,

and electron-rich surface.®’

Porphyrin aggregates also play specific roles in nature namely in photosynthetic plants
and in organisms and have potential uses as nonlinear optical materials.®” In fact, much
of the development in molecular electronics has been derived from attempts to mimic the
highly efficient electron and energy transfer processes that take place in the

light-harvesting complexes and reaction centers of photosynthetic organisms.”®
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A variety of factors can influence the extent of self-association, including the nature
of the porphyrin itself (metal ion, number, and structure of peripheral groups), as well
as external variable such as ionic strength, pH, solvent nature, and temperature, among

others.

According to Kasha's exciton theory, J-aggregates are formed when the transition dipole
moments of monomer molecules are aligned parallel to the line that joins the molecular
centers in the aggregate (“head-to-tail”)®® (Figure 5). In contrast, in the case
of H-aggregates, the transition dipole moments of the monomer molecules are
perpendicular to the line of centers ('face-to-face'). It is generally accepted that a red-shift
in the electronic absorption spectra relative to that of the monomer is a proof of the

J-aggregate, whereas a blue shift is an evidence of the H-aggregates.®’

H aggregate J aggregate
Ar
—NH N
Ar—¢ >
>—N_ HN—
NH N
Ar—C ;
N HN—

NH N
Ar—¢ >
N  HN—

Figure 5 Schematic illustration of H-type and J-type aggregate. Adapted from ref [71]

2.3 Non-covalent functionalization of graphene oxide with porphyrins

The non-covalent functionalization of GO with porphyrin derivatives is an attractive
approach, as it allows for the introduction of porphyrin molecules without affecting the
desirable properties of GO.”* This approach also extends the light absorption of the
material into the visible region, making it a promising option for various applications.
The graphene-based materials, and therefore also graphene oxide, can be chemically
modified with porphyrin molecules via covalent and non-covalent functionalization.

As mentioned earlier, the non-covalent method is the simplest approach for
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functionalizing graphene-based materials. Facile synthesis (i.e., requires only the mixing
of a dye solution with a dispersion of the graphene-based material)’>~7® has the advantage
of high yield and preserving the main properties of each component. The porphyrin
structure can influence on the strength of the interaction with graphene-based material.
A straightforward way to confirm the successful adsorption of porphyrin onto the GO
surface is by measuring the UV-Vis spectra of the supernatant obtained after the
centrifugation process.”>”* When only a minor peak attributed to the porphyrin is detected
in the suspension it can be concluded that the porphyrin-graphene oxide nanocomposite
has been successfully isolated as the precipitate. One disadvantage of this approach is the
low weight content of porphyrin in the hybrid material, especially for neutral porphyrins,

where the assemblies primarily rely on n—n stacking.”>’*7’

Nanomaterials that combine porphyrin molecules and GO represent a new type
of photocatalysts. Both of these groups have certain limitations in photocatalysis and
cannot be used efficiently as a single photocatalyst. Porphyrin molecules tend
to be relatively unstable under light illumination while also exhibiting inefficient charge
separation. Furthermore, they cannot be easily regenerated through processes such

as centrifugation, limiting their potential for reuse.

Although GO material has a number of desirable properties its weak absorption in the
visible region limits its application as a photocatalyst. However, by combining GO with
porphyrin molecules to form hybrids, it is possible to overcome these limitations and

enhance the photocatalytic performance (Scheme 6).
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Scheme 6 The properties of hybrid materials (porphyrin/GBM)

The first report on the non-covalent interactions of chemically converted graphene (CCG)
functionalized with cationic porphyrin TMPyP (Figure 6) was published in 2009.7
Due to deprotonation of the residual carboxyl groups, the CCG surface in the aqueous
dispersion carries a negative charge, while TMPyP is a positively charged porphyrin,
CCG and TMPyP can be assembled through a combination of electrostatic and m-n
stacking interactions. To date, several graphene-based materials derived from cationic
porphyrins have been reported.”>’8%2 Wojcik et al. proved that the positively charged
porphyrin TMPyP non-covalently interacts with reduced graphene oxide through
electrostatic and m—m stacking interactions.’® The authors presented results
of femtosecond transient absorption and photoelectrochemical measurements, which
clearly indicated the occurrence of photoinduced electron transfer in TMPyP/rGO
nanohybrids.’’ Wang et al. formed a non-covalent hybrid between water-soluble cationic
TMAP (Figure 6) and GO at pH 2.7 The porphyrin/GO nanohybrid exhibited a fast and
reversible on/off photocurrent upon exposure to white light, suggesting efficient charge
transfer from the TMAP moieties to GO The nanohybrid showed that porphyrin acts
as an energy-absorbing and electron-transferring antenna, and GO serves as an efficient
electron acceptor of the system. Thus, it is a potential candidate for photovoltaic devices

and light-harvesting applications.
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TMPyP ZnTMPyP
5,10,15,20-tetra(1-methyl-4-pyridinio)porphyrin Zinc (I1) 5,10,15,20-tetra(1-methyl-4-pyridinio)-

TMAP ) TPPHNH2
5,10,15,20-tetra(4-trimethylammoniophenyl)- 5,10,15,20-tetra(4-sulfonatophenyl)porphyrin

-porphyrin

TSPP TPP _
5,10,15,20-tetra(4-sulfonatophenyl)porphyrin 5,10,15,20-tetra(4-pirydyl)porphyrin
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TPPOMe TCPP .
5,10,15,20-tetra(4-methoxyphenyl)-porphyrin 5,10,15,20 -tetra(4-carboxyphenyl)porphyrin

Figure 6 Structural formulas and names of the porphyrins described in Chapter 2

It was also shown that the TMAP/GO composites can facilitate the incorporation
of iron(Ill) ions into the porphyrin moieties, and thus can be used as an optical

fluorescence probe for the detection of iron (III) ions in samples.®’

In 2009, Xu et al. published an article describing the absorption and emission properties
of the two prepared hybrids: TMPyP/CCG and TMAP/CCG.”® The formation of these
hybrids is primarily attributed to the n-m and electrostatic interactions between the
negatively charged CCG surface and the positively charged cationic porphyrin.
The TMPyP/CCG material was found to act as an optical probe for the detection of Cd**

ions.
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Furthermore, non-covalent interaction of the TSPP (Figure 6) and TMAP hybrids with
GO were reported.®? The porphyrin molecules TSPP possess a negative charge owing
to the sulfonate groups present, while the TMAP molecule bears a positive charge.
The presence of a charge on the porphyrin molecule resulted in the appearance

of electrostatic repulsion between TSPP, or attraction between TMAP and GO.

There are limited studies available that discuss results obtained from femtosecond
transient absorption or photocurrent measurements, which could be excellent evidence

73-75,79-81,84,85 Therefore

for electron transfer in investigated hybrid systems.
comprehensive studies that explore the effect of the porphyrin and GBM structure on the

properties of their nanohybrids are highly necessary.

2.3.1 Spectroscopic properties of porphyrin-GBM hybrids

Ground state interaction

The titration method followed by UV-Vis absorption measurements is an often applied
technique for monitoring the ground state interaction between the porphyrin and GBM.
One common approach is to measure UV-Vis spectra while keeping the porphyrin
concentration constant and varying the GBM concentration. During the titration process
reported by Xu et al., for TMPyP and CCG the intensity of the Soret band attributed
to porphyrin gradually decreased and a new red-shifted Soret band appeared.’® The shift
of the Soret band was about 37 nm. Furthermore, an isosbestic point was observed at 429
nm. By subtracting from the UV-Vis spectra the contribution of the absorption from the
CCG dispersion, a spectrum that corresponds to TMPyP adsorbed on the CCG sheet was
isolated. The UV-Vis spectra of the TMPyP/CCG complex were characterized
by a bathochromic shift (37 nm), a broader half-bandwidth, and a weaker extinction
compared to that of the free TMPyP in solution. The alterations in the UV-Vis spectra
of porphyrins upon the addition of GBM have been documented in several
porphyrin/GBM systems, and these findings are compiled in Table 2. The authors
attributed this shift to the flattening of the porphyrin molecule. To determine the role
of the electrostatic attraction for the ground state interaction between the porphyrin and
CCG, the cationic TMPyP was replaced with anionic TPPS. In that case, no appreciable
changes in the UV-Vis spectra of TPPS were observed upon the addition of CCG. Bajjou
et. al. also reported that the position of the Soret band of the TPPS is not affected by the
presence of rGO.*® While cationic porphyrins such as TMPyP, exhibited absorption
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spectral changes in the presence of GBM, such behaviour was not detected for TPP.”
This indicates the importance of the positive charge of the chromophore for the
occurrence of a strong interaction between porphyrin in the ground state and GBM, which

is reflected by the changes in the electronic configuration of the ground state of porphyrin.

Gacka et al. studied the influence of pH on the strength of the interaction between TPPH
and GO.” One interesting aspect of this study was that the TPPH molecule's total charge
varies from negative (-4) to neutral, and positive (+2) depending on the pH of the solution,
which is due to the protonation of the imino nitrogens and deprotonation of the —OH
groups. Therefore, the strength of the electrostatic interaction between TPPH and GO was
modulated by the change in pH. The outcome of this investigation was that both neutral
TPPH and cationic TPPH?>" molecules can be assembled on the surface of GO, but
a stronger interaction with GO was demonstrated for TPPH?*. For negatively charged
TPPH* no appreciable changes in the UV-Vis spectra were registered in the presence
of GO. Furthermore, after centrifuging the suspension, nearly all of the porphyrin
remained in the supernatant. The authors concluded that the interaction between TPPH*
and GO was largely suppressed. Additionally, the authors complemented the
spectroscopic results with theoretical calculations, which provided further evidence for
a stronger interaction between cationic TPPH?" and GO in comparison to neutral TPPH.
The interaction energies were found to be -22.4 kcal mol! and -58.0 kcal mol™! for
TPPH/GO and TPPH?*'/GO, respectively. Furthermore, the center-to-center distance
between TPPH?* and GO was found to be 4.40 A compared to 4.55 A obtained for the
nanohybrid TPPH/GO.

For cationic porphyrins, the electrostatic interactions with GBM are the main driving
force for the assembling of the hybrid. For neutral porphyrins, the main types
of interaction are m-m interactions and hydrogen bonding. Gacka et al. compared the
interaction of TPPH and meso-tetra(4-methoxyphenyl)porphyrin (TPPOMe) with GO.
By replacing the OH groups with the methoxy group, the hydrogen bonding between
TPPOMe and GO was suppressed.’”? Using the titration method followed by absorption
spectra, it was determined that the strength of the interaction of the porphyrin TPPOMe
with GO was comparable to that of TPPH and GO. Therefore, it was concluded that n-n
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stacking interaction is required to efficiently form nanoassemblies with GO by simply

mixing the solutions of both components.

Table 2 Exemplary absorption properties of the free porphyrins and porphyrins

adsorbed non-covalently on GBM

Porphyrin GBM Solvent Amax of Amax of Shift  Isosbestic Ref.
free nanohybrid of the point
porphyrin Soret
band
TMPyP CCG HO 421 nm 458 nm 37nm 429 nm [7%]
TMAP CCG HO 411 nm 436 nm 35nm 416 nm [7%]
TMPyP GO H0 422 nm 452 nm 30nm 442 nm K
TPPH rtGO EtOH 420 nm 448 nm 28 nm - [7%]
CoTPP rGO DMF 415 nm 433 nm 18 nm 420 nm [*"]

Ge et al. studied the effect of the functional groups linked on the peripheries of the
porphyrin on the combination mode of porphyrin and GO, and also on the spectroscopic
properties of porphyrin/GO composites.®® To investigate the role of porphyrin peripheries
on their interaction with GO, three porphyrins with varying numbers of hydroxyl groups
in the substituent were selected for the study. The results revealed that the binding
strength between the GO and the porphyrins is on the order of TPPH/GO > TPPOH/GO
> TPP/GO (Figure 7). The authors stated that in the case of TPPH, the hydroxyl
substituents and the TPPH core have a cooperative effect on the assembling of the
TPPH/GO hybrid, enabling the flattening of the TPPH on the surface of GO. For the TPP
porphyrin, the n-m interaction is the only one that could operate with GO. The weak
interaction observed between TPP and GO was attributed to hydroxyl and epoxy
functional groups on GO sheets that prevented TPP molecules from efficiently loading

on the surface of GO and close contact between the moieties.
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Figure 7 Structural schemes of (C1) THPP/GO, (C2) TPPOH/GO, (C3) TPP/GO.
Adapted from ref [88] with permission from Elsevier (2015)

Excited state interaction

The primary goal of constructing porphyrin/GO is to facilitate photoinduced processes
and enhance the efficiency of photocatalytic systems, such as organic dye
photodegradation systems. Therefore, the ability of GBM to interact with the excited

states of porphyrins has attracted the attention of scientists over the past 10 years.>*!

The emission of the excited porphyrin molecules serves as a great probe for monitoring
the interactions between the components of the obtained hybrids. Nevertheless,
steady-state emission spectroscopy of graphene-based materials hybrids can
be challenging. Typically, in these studies, the fluorescence intensity of the free porphyrin
is compared with the fluorescence in the presence of GBM, which acts as the quencher.
The fluorescence intensity can be reduced by the presence of any species that is capable
of absorbing a portion of the excitation energy. Corrections for absorption of part of the
excitation light by GBM should be taken into account by applying the appropriate
equation for the inner filter effect (vide infia).”” It is also possible to absorb by GBM part
of the radiation emitted by porphyrin a phenomenon known as reabsorption.

It is extremely important especially for hybrid materials for which interaction between
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porphyrin and GBM is not strong and a higher concentration of GBM is needed to observe
efficient emission quenching. Often these corrections are not considered, which can lead
to incorrect data analysis and incorrect conclusions. Gacka et al. calculated that the
correction factor for GO absorption of the excitation light for the emission study of neutral
TPPH was as high as 24% for 0.018 mg mL"! of GO.” In addition to correcting for the
absorption of the excitation light by GBM it is also crucial to match the absorbances
at the excitation wavelength to accurately analyze the emission data. Otherwise, the
decrease in porphyrin fluorescence intensity after the addition of GBM could be due
to changes in porphyrin absorbance at the excitation wavelength, rather than fluorescence
quenching. Several studies have reported a reduction in porphyrin fluorescence intensity
upon interaction with GBM.”3748081.93 For example, Masih et al. reported that for
ZnTMPyP the quenching efficiency was 50% at a graphene carboxylate concentration
of 5.7 x 10 mg mL~! **, and Wojcik et al. measured a 50% emission quenching
efficiency of TMPyP at an rGO concentration of 8 x 10* mg mL"'.3° To quench 39%
of the emission of neutral porphyrins ZnTPPH a GO concentration of 1.0 x 10~ mg mL"!
was required.”® Some studies have reported no emission quenching was observed for
neutral porphyrins in the presence of GBM such as in TPP/GC composites’” or TPP with
GO. For anionic TPPS the emission intensity was only slightly decreased in the presence
of CCG.” By comparison of various reports it can be noticed that cationic porphyrins
require a much lower concentration of GMB material for the emission to be quenched
efficiently compared to neutral porphyrins. In general, electrostatic interaction between
cationic porphyrin and negatively charged graphene-based material enhances the

9496 compared to the neutral porphyrin where the

quenching of the porphyrin emission,
interaction with graphene-based material is attributed mainly to m-m stacking
interactions.””88% Careful comparison of the quenching efficiency performed under the
same conditions allows for the assessment of the interaction strength for various

porphyrin-GBM hybrids.

The strength of the interaction for TPPH, TPPOH, and TPP porphyrins with GO was
compared via calculation of the apparent binding constant based on the Stern-Volmer
type equation.®® The binding constants were found to be 128.35 mL mg™!, 5.39 mL mg’!
and 0.39 mL mg!, respectively. On this basis, the authors concluded that TPPH has the

strongest interaction with GO.
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Based solely on the steady-state emission measurements of porphyrins in the presence
of GBM, the quenching mechanism can not be unambiguously determined. However, the
observed decrease in the emission in the presence of GO is commonly related to electron
or energy transfer mechanisms, while alternative mechanisms are often neglected.’®*%’
Surprisingly contribution of the static quenching in the emission quenching experiments

is rarely discussed.

Few authors analyzed emission quenching experiments in terms of Stern-Volmer

equations in order to determine the contribution of static and dynamic quenching.”® 1%

Static and dynamic rate constants were determined from the following equation:
F,
= =1+ (Kp + Ko)[GO] + KpKs[GO]? 1)

where, Fo and F represent the fluorescence intensities of the fluorescent substance in the
absence and in the presence of the quencher concentration of [GO] and Kp and Kg are the

dynamic and static quenching constants, respectively.®®

It was found for example that for systems CoTPP/rGO?°, TPPH/GO® and TCPP/GO* K
i1s much larger than Kq. It was concluded that the observed quenching of the emission
is mainly related to the static quenching. In other words, the formation of the
non-fluorescent complex already in the ground state was the primary cause of the decrease
in fluorescence intensity. In other studies, the contribution of the static quenching
mechanism to the decrease in emission intensity was determined based on the

time-resolved emission.”>?

The conversion of light energy through photocatalytic processes begins with the
photoinduced generation of energy-rich electrons. Therefore, the PET process in these
hybrid materials plays a key role in terms of their possible photocatalytic activity.
Examining photoinduced transient species with appropriate time-resolved spectroscopy
is crucial for unraveling the excited-state interactions. Femtosecond transient absorption
measurements are a useful tool to probe the possibility of PET in hybrid materials.”*7%-8%-%3
However, to date, only a few studies have incorporated results obtained from femtosecond
transient absorption spectroscopy.’>"? 818495 Qolid evidence for the PET process
in porphyrin-GBM hybrid was provided for the first time in 2010.%° The authors

assembled non-covalently positively charged TMPyP with reduced graphene oxide via

electrostatic and n—n stacking interactions. By applying femtosecond transient absorption

24



measurements it was found that the singlet excited state of TMPyP adsorbed on rGO film
decays faster compared to TMPyP adsorbed on SiO,. Furthermore, the decay of the
singlet excited state of TMPyP was followed by the formation of a longer-living product
with an absorption maximum around 515 nm which was attributed to the porphyrin
radical cation. A calculated negative value for the free energy of ET indicated the
photoinduced electron transfer from photoexcited porphyrin to rGO was
thermodynamically feasible. Other evidence for the interaction between the excited state
of TMPyP and rGO was obtained from the photocurrent measurements. A small but
noticeable photocurrent density was observed for the TMPyP/rGO hybrid, which was
higher than that obtained for rGO alone. The low yield of the photocurrent density was
attributed to the inefficient charge separation within the TMPyP/rGO hybrid.

Aly et al. tested three porphyrins with different substituents and redox properties
to correlate those properties with the electron injection process to the carboxylate

graphene (GC).”

The presence of GC, did not influence the excited state dynamics
of neutral porphyrin — TPP. In contrast, the transient absorption spectra of two cationic
porphyrins TMPyP and TMAP measured in the presence of the same graphene-based
material exhibited much faster dynamics in addition to the changes in spectral features.
Interestingly, a new spectral band in the region from 500-600 nm assigned to the
porphyrin radical cation was detected immediately after the femtosecond laser pulse.
The very fast PET process occurs from the porphyrin excited state to GBM. Such efficient
and fast ET for TMPyP and TMAP was attributed to the strong electrostatic interaction
between cationic porphyrin and GC which was explained by close contact of the two
species prior to excitation The same group extended their studies to non-covalent
functionalization of Zn-metallated cationic porphyrin ZnTMPyP with GC with the
ultimate goal of the construction of hybrid material with long-lived charge separation
state.®! Ultrafast transient absorption (TA) spectroscopic measurements were performed
with the non-covalent ZnTMPyP with varied GC concentration. When a higher
concentration of GC is added, the dynamics of the TA have changed and a spectral feature
in the range of 650-750 nm attributed to the ZnTMPyP*" radical cation has been
developed. The radical cation of ZnTMPyP was detected within the temporal resolution
of the equipment, indicating that the ET from Zn porphyrin to GC occurs ultrafast.
However, similar to studies for TMPyP and TMAP, the ZnTMPyP*" and GC radical ion

pair recombined back to the initial state, with time constants of 20.18 ps (Scheme 7).
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Scheme 7 Excited state dynamics of ZnTMPyP-GC (CT- charge transfer, CR -charge
recombination). Adapted from ref [81] with permission from the PCCP Owner Societies
(2015)

Most studies have focused on investigating the effect of GBM on the singlet state
dynamics of porphyrins. while only a few studies explored the impact of GBM on the

triplet state of porphyrins.”>!%!

It was reported that the lifetime of the triplet excited state of porphyrin increases in the
presence of GO.”>!% Gacka et. al. proposed that the enhancement of the porphyrin
lifetime is due to the decrease of the radiationless rate constant which is the result
of suppressing the free rotation of the hydroxyphenyl rings.”® There are few reports which
relate the triplet excited states decay to the ground state via radiationless mechanisms
with the ease of flipping and twisting of conformational free meso-phenyl rings around

the core of the porphyrin.!0%1%3

2.4 Application of non-covalent nanohybrids Porphyrin/GBM

in photocatalysis

Non-covalent porphyrin/GBM hybrids has been tested as photocatalysts, mainly
in photocatalytic hydrogen evolution and pollutants (dyes, pharmaceuticals) degradation

systems. Exemplary hybrids with their application are summarized in 7able 3.

Table 3 Exemplary porphyrin/GBM with their application in photocatalysis'®*

Co- Application Experimental conditions Activity

cataly
st
TPPH/rGO Pt NPs

hydrogen Xe lamp 150 W, TEOA 1060 umol g h'!
evolution AQE=1.7%

Xe lamp 150 W, 2240 pmol g h'! 7]
CTAB,TEOA AQE=3.6%
Xe lamp 150 W (A > 420 nm) 138 pmol g h'' H» [7°]
TEOA

ZnTMPyP/rGO| [RYGES hydrogen 300 W Xe lamp (A > 420 nm) 2560 pmol g'' h! 7]

evolution TEOA AQE=152%

420 nm
TCPP/GNPs degradation of 1500 W Xe lamp k=7.3% 10 min™! e
RhB (A > 400 nm)
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[RhB]=5mg L!
[photocatalyst]= 5mg L!

TCPP/GNPs degradation of 1500 W Xe lamp k=15.8x107 min'! [
RhB and MB (A >400 nm) for MB
[RhB] =5 mg L"! k=6.5x 10 min"!
[photocatalyst]= Smg L! for MO
TMPyP/GO simultaneous 150 W Xe lamp, (A > 420 nm) k=3.9 x102 min! for ['%%]
degradation of [mixed dyes] = 9.0 x 10*M MO
MB and MO [photocatalyst] = 500 mg L-! k= 1.1 X102 min’!
for MB

The first report on the application of porphyrin/GBM for photocatalytic hydrogen
production was published by Zhu et al.”® The TPPH/rGO composite show photocatalytic
activity in composite with Pt nanoparticles as a co-catalyst. The photocatalytic activity
of the TPPH/rGO/Pt nanocomposite in the production of hydrogen was found
to be significantly improved compared to the TPPH-functionalized Pt colloid
or Pt-modified rGO. The evident improvement in H» production for TPPH/rGO/Pt could
be attributed to the efficient electron transfer from photoexcited TPPH to Pt nanoparticles
through rGO sheets. Here, rGO acts as a solid-state electron mediator, facilitating charge
separation and suppressing the recombination of photoexcited electron—hole pairs in the
TPPH/rGO nanocomposite.'® The total amount of H, evolved under 5h UV—Vis light
irradiation using various photocatalysts: P25-TiO,, rGO/Pt, TPPH/Pt and TPPH/rGO/Pt

is shown in Table 4.

Table 4 Comparison of the H> evolved under 5h UV—Vis light irradiation using various
photocatalysts: P25—TiO,, rGO/Pt, TPPH/Pt and TPPH/rGO/Pt (given in mmol g’
Catalyst P25- rGO/Pt TPPH/Pt TPPH/rGO/Pt TPPH/rGO/Pt
TiO2 with CTAB!
amount of . . . 11.2 (0.69%)
H:

(mmol g7)

Reaction conditions: mcatalyst = 1 mg, tGO:TPPH =2:1, [Pt] =5 wt %, pH =9, [TEOA] = 10 vol %, [surfactant] =2 mg, T =298 K,
Xenon lamp (150 W); 1- [CTAB]=2mg; 2- under visible light (\>400) irradiation

The addition of CTAB to the photocatalytic system enabled further improvement
of catalytic activity and its stability by preventing aggregation of the TPPH/rGO/Pt
nanocomposite (increase in AQE from 1.7% to 3.6%). Under UV-Vis light irradiation for
TPPH/rGO/Pt nanocomposite in the presence of surfactant the determined hydrogen

evolution rate was 1060 pmol g' h'! and under visible light (A\>400) irradiation it equals

27



138 umol g’ h'!. It was proposed that the light-driven proton reduction by TPPH/rGO/Pt
nanocomposite occurs in the following steps: 1) excitation of the TPPH molecules
adsorbed on the rGO surface upon UV-Vis light irradiation, 2) PET from the excited state
of TPPH to rGO, 3) electron transfer from the rGO to the Pt nanoparticles adsorbed
on the rGO surface where the water molecules accept the electrons to form hydrogen, and
4) restoration of the TPPH ground state by accepting electrons from the triethanolamine

(TEOA).

Yuan et al. constructed a noble metal-free system consisting of MoS»/reduced graphene
oxide (MoS2/rGO) catalyst and cationic porphyrin ZnTMPyP as a photosensitizer, which
was tested toward photocatalytic H> production under visible light irradiation!'®
(Figure 8). The ZnTMPyP/MoS,/rGO showed the highest H> evolution rate of 2.56 mmol
h'! g'! at pH 7 when the ratio of MoS> to rGO was 5:1 (Figure 8B). An AQY of 15.2%
at 420 nm was observed under optimized reaction conditions. By monitoring the
photoluminescence decay, it was found that the excited state lifetime of ZnTMPyP
decreased with increasing rGO contents in the MoS>/rGO composites. On the basis of the
steady-state and time-resolved emission experiments, the authors concluded that after
photoexcitation of the ZnTMPyP electron transfer to the rGO surface occurred. Because
the oxidation potential of the singlet excited state of 'ZnMPyP” (-1.09 V vs NHE) is more
negative than the rGO/rGO™ redox potential (-0.16 V vs. NHE), the electron transfer from
the excited state of 'ZnTMPyP" to rGO is thermodynamically feasible. Furthermore, the
redox potential of the rGO/rGO™ couple is more negative than the conduction band
of MoS: nanosheets (-0.13 V vs. NHE). Therefore, there should be enough driving force
for further electron transfer from rGO to MoS». The edges of MoS» crystallites can act
as active sites for the evolution reaction of H> once they are reduced with the electrons
from rGO. The oxidized ZnTMPyP can be regenerated by reduction with TEOA.
In summary, in the ZnTMPyP/MoS2/rGO composite, the rGO acted as a conductive
electron transport bridge, which enhanced the efficiency of the electron transfer from the
photoexcited photosensitizer (porphyrin) to MoS», thus resulting in the increased

photocatalytic efficiency of the whole system.
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Figure 8 A) Proposed mechanism for photocatalytic H> generation in ZnTMPyP*"-
MoS>/rGO-TEOA system under visible light irradiation (numbers 1-8 are the
designations of subsequent samples). B) Photocatalytic H production upon visible light
irradiation (A>420 nm) of aqueous solutions containing 0.2 mM ZnTMPyP, 0.2 M TEOA
and 40 mg various MoS>/rGO catalysts at pH 7. Adapted from [105] with permission
from American Chemical Society (2017)

Photocatalytic degradation has attracted a great deal of attention for its simplicity,
efficiency, low cost, and low secondary pollution. Concerning photocatalysts for the
degradation of organic pollutants, numerous UV-light-driven photocatalytic species have
been developed. However, considering energy utilization and savings, research focusing
on the development of visible light-energized photocatalysts is an important issue
to be explored intensively and extensively. Visible-light-driven photocatalysts have
become one of the hot topics in the field of organic pollutant photodegradation. Without
a doubt, sunlight is by far the energy source with the highest energy potential in the world.
Almost 47% of the solar spectrum is visible light (400 nm< A<700 nm) that can, and

should, be used in the treatment of dyes and organic pollutants.

La et al. reported the facile fabrication of well-dispersed TCPP nanorods on the surface
of graphene nanoplates (GNPs) by surfactant-assisted (CTAB) self-assembly.!%
The resulted TCPP nanorods with an average diameter of 50 nm and a length of ~250 nm
were uniformly distributed on the surface of the GNPs. Obtained hybrid materials
displayed significant changes in the UV-Vis spectrum. Compared to the Soret band of
monomeric TCPP molecules, the TCPP/GNPs hybrids exhibited a distinct (8 nm)
bathochromic shift of the Soret band from 416 nm observed for the monomer to 424 nm

registered for the porphyrin nanorods along with a slight red-shift of the Q-bands. Based
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on these spectral changes it was suggested that most of the TCPP molecules
in supramolecular assemblies fabricated with the assistance of CTAB and GNPs follow
a J-type aggregation pattern. Additionally, emission spectra revealed changes in the
number of peaks and their position together with a significant decrease in the emission
intensity upon self-assembly of TCPP on GNPs. The prepared hybrid shows enhanced
photocatalytic performance compared to that of free-standing TCPP nanorods under
visible light irradiation, because of the improved charge separation and charge transfer
with the introduction of GNPs. In the presence of GNPs-supported TCPP aggregates the
RhB degradation reached 80%, after 3 hour of irradiation, with a photodegradation rate
constant of ca. 7.3 x 10 min"! (Figure 9). The role of graphene was attributed
to an enhancement in charge separation, achieved by suppressing the recombination
of electron-hole pairs that are generated during porphyrin irradiation. This phenomenon

contributes to an increase in the lifetime of the charge carriers.
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Figure 9 Photocatalytic performance for RhB degradation of a) control without catalyst,
b) GNPs, c) free standing TCPP nanorods, d) GNPs-supported TCPP nanorods. Adapted
from ref” [106] with permission form Wiley (2016)

It has been shown that the fabrication of TCPP nanorods/GNPs can be achieved also with

support of the arginine.'%” The porphyrin nanofibers, which had a diameter ranging from
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50 to 200 nm and a length of several micrometers, were densely and uniformly distributed
on the GNPs surface. Compared to the CT AB-assisted self-assembly of TCPP with GNPs,
the presence of arginine helped to prepare elongated aggregates of TCPP on graphene,
with nanofibers on the micron length scale. The UV-Vis spectra of such prepared hybrids
showed a Soret peak at 420 nm, which was 6 nm shifted in comparison to the Soret
absorption band of monomeric TCPP. Moreover, one strong peak at 666 nm along with
three relatively weak peaks in the Q-band region was registered. The emission spectra
exhibited weak and broad emission peaks at 686 nm and 730 nm, whereas the TCPP
monomer emitted at 655 and 714 nm. The authors explained the appearance of new
emission peaks by the coupling arising from the spatial packing of the TCPP porphyrins,
while the decrease in the emission intensity by the quenching effect of graphene,
suggesting an efficient photoinduced process. The TCPP nanofibers/GNP exhibited
a remarkable photocatalytic performance toward the degradation of RhB. The dye was
completely removed after 150 minutes of visible light irradiation. The prepared hybrid
material also exhibited high photocatalytic activity towards MO degradation (80% after
180 minutes). The mechanism underlying the photocatalytic performance of TCPP
nanorods/GNP hybrids involves the excitation of electrons from the TCPP valence band
to the conduction band (CB) when exposed to visible light, which leads to the generation
of e/h" pairs. The photoexcited electrons present in the CB can then be transferred to the
graphene sheets. Therefore, the generated electron-hole pairs are efficiently separated.
This way, the presence of graphene sheets improves the efficiency of the charge
separation. The reaction between holes and H,O or OH™ produces hydroxyl radicals OH*
which can oxidize the dye molecule. On the other hand, oxygen can be reduced
by electrons accumulated on the graphene sheet to form O>*, which can also react with

RhB.

El-Shafai et al. using the self-assembly method fabricated another hybrid material
composed of cationic porphyrin TMPyP and GO.'® The obtained TMPyP/GO hybrid
shows high photocatalytic activity towards the simultaneous degradation of MB and MO
in water under visible light irradiation. The degradation rate constants were found

to be 0.039 and 0.011 min!, respectively for MO and MB.

The presented literature examples of Por/GBM systems applications in photocatalysis

clearly show that this is an important topic that still arouses the interest of scientists.
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Further research in this direction is still necessary to achieve higher efficiency and a better

understanding of the factors that affect the activity of the Por/GBM systems.
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3. Aim of work

Although worldwide interest in the development of porphyrin and graphene-based
composite materials resulted in numerous publications, there are no comprehensive
studies that combine detailed steady-state and time-resolved spectroscopic measurements
with the characterization of the morphology and structure of the graphene-based hybrid
materials. In many reports on graphene-based materials, the interaction of GBM with dyes
was marked only by fluorescence quenching of organic molecules and/or photocurrent
measurements.”®** While the fluorescence quenching observed suggests a strong
interaction between porphyrin and graphene, it does not provide insight into the
mechanism of the quenching process, whether it involves energy transfer or electron
transfer. It is important to consider the possibility of static quenching as a contributing
factor to the observed decrease in fluorescence intensity. Furthermore, any quantitative
analyses of emission data for graphene-based materials should account for potential light
absorption and scattering by GO. Porphyrins with their strong absorption in the visible
region, are frequently used as photosensitizers in both natural and synthetic systems.'?”
However, their hydrophobic nature, the low photostability of the porphyrins themselves,
and the presence of strong m—x interactions between the rigid macrocyclic molecules lead
to aggregation which may limit their applications.!'%!!! Moreover, porphyrin molecules

alone do not form long-lived charge separation states.

The remarkable properties of graphene, including high optical transmittance, large
specific surface area, and a conjugated aromatic system, have made it an ideal candidate
for applications as charge carriers or promoters. However, due to its low solubility
in aqueous media, its hydrophilic derivative, graphene oxide (GO), can form stable

aqueous suspensions, making it more suitable for use in some photocatalytic processes.

Structural engineering is an indispensable strategy to prepare high-performance materials
by integrating different components to make full use of their advantages. Therefore the
main aim of this study was to synthesize hybrid systems composed of GBM and
porphyrins and to conduct a detailed analysis of their properties in terms of potential
application in photocatalysis. The research included photochemical and photophysical
characterization of selected porphyrins or metalloporphyrins and their nanohybrids with
graphene oxide (or reduced graphene oxide). The research was focused on determining

the factors that influence on the strength of the interaction between the components of the
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nanohybrid. Moreover, important an aspect of this work was to confirm whether the
phenomenon of photoinduced electron transfer from the excited state of porphyrin
molecule to a graphene oxide sheet occurs in the obtained nanostructures. In the literature,
the number of techniques applied for the determination of the spectroscopic properties
of the porphyrin/GBM is usually limited, and therefore in-depth understanding of the key
factors affecting the properties of those materials, including the efficiency of the PET

is still ambitious.

Hence, there is a need for detailed studies that can analyze the spectroscopic properties
of different Por/GBM composites to reveal the factors that favor the strong interaction
between the components in their ground state and photoinduced electron transfer. Such
an analysis would be essential for the rational design of highly efficient materials for

photocatalytic applications.

The research presented in this thesis aims to address this need by conducting
comprehensive spectroscopic measurements (combined steady-state and time-resolved
absorption and emission measurements) and data analyses that could be beneficial for

other scientists.
The main specific objectives of the thesis are:

1. synthesizing and characterizing of novel nanohybrids based on GBM (GO and rGO)
and porphyrins,

2. correlating the structure of the porphyrin (anionic, neutral, cationic, free-base,

or metalated) with its interaction in the ground and excited states with GBM,

3. comparing of the spectroscopic properties of the free porphyrins and porphyrins
adsorbed on the GBM surface,

3. determining the effect of GBM oxidation level on the spectroscopic properties of the

porphyrins,

4. establishing the effect of pH on the formation of the hybrid materials.
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4. Methods of measurements

4.1 The compounds used in the doctoral dissertation

Graphene-Based Materials

Graphene oxide was either purchased from Abalonyx or received from Graphene
Laboratory at the Warsaw University of Technology. The rGO was obtained by a chemical

reduction of the GO with the use of ascorbic acid.
Porphyrins

Throughout the research, six porphyrins were employed, their structural formulas, names,
and abbreviation are presented in Figure 10. TMPyP and its zinc (II) derivative —
ZnTMPyP have been synthesized and delivered in cooperation with Senge Group
at Trinity College Dublin, Ireland. The TMAP and TSPP porphyrins were purchased from
Sigma Aldrich, while TAPP was purchased from Porphyrin System.

The solvents used for the measurements of the UV-Vis spectra of individual porphyrins

are summarized in Table 5.

Table 5 Solvents used for preparing solutions of different porphyrins
Porphyrin Solvent
TMAP water!
TPP methanol?
TMPyP water
ZnTMPyP water
TAPP ethanol*-water (1:2 v/v)
TSPP water

1-  obtained using the Simplicity cleaning system,18MQcm; 2- Sigma-Aldrich, HPLC grade; 3J.T.Beaker, HPLC grade

Solvents and Other compounds

2% colloidal solution of SnO, and RhB, acsorbic acid were purchased from Alfa
Chemicals and Sigma-Aldrich, respectively. Anhydrous DMF was purchased from
Sigma-Aldrich

w
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ZnTMPyP
Zinc (I1) 5,10,15,20-tetra(1-methyl-4-pyridinio)-
-porphyrin

NH,

TMAP TAPP
5,10,15,20-tetra(4-trimethylammoniophenyl)- 5,10,15,20-tetra(4-aminophenyl)porphyrin
-porphyrin

o—w»=0
I
o

TSPP
5,10,15,20-tetra(4-sulfonatophenyl)porphyrin

TPP
5,10,15,20-tetra(4-pirydyl)porphyrin

Figure 10 Structural formulas and names of the investigated porphyrins
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4.2 UV-Vis absorption measurements

Absorption spectroscopy refers to spectroscopic techniques that measure the absorption
of radiation, due to its interaction with a sample. It measures the absorbance of light
by a compound as a function of the wavelength or frequency in the UV-Vis range.
The irradiation light wused to excite the sample covers the UV range
(180'2/200'"3 nm - 400 nm) and the visible range (400 nm - 750 nm). Every molecule
has its characteristic frequencies of electromagnetic radiation that it can absorb, which
leads to a reduction in the intensity of the electromagnetic radiation as it passes through
the sample. When a molecule absorbs a photon from the ultraviolet-visible (UV-Vis)
range, it is excited from the ground state (low-energy state) to the electronic excited state
(high-energy state). That is, an electron is promoted from the highest-occupied molecular
orbital (HOMO) to the lowest-unoccupied molecular orbital (LUMO) of the molecule
(Figure 11). The energy difference between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) determines the
wavelengths of electromagnetic radiation that a molecule can absorb. A molecule can
absorb radiation of a specific wavelength when the energy difference between HOMO
and LUMO matches the energy of the radiation. Thus, molecules with smaller
HOMO-LUMO energy gaps absorb longer wavelengths of light, while those with larger

energy gaps absorb shorter wavelengths, since they require more energy to be excited.
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Figure 11 Diagram illustrating the HOMO and LUMO orbitals of a molecule.

(Each circle represents an electron in an orbital): when electromagnetic radiation with

sufficient energy is absorbed by an electron in the HOMO, it transitions to the LUMO
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Spectrophotometers are used to obtain the absorption characteristics of a given substance.
The absorption spectrum is displaying the relationship between the absorbance and the
wavelength of the incident light. Analysis of the absorption spectra is based on two
Lambert-Beer laws, which are one of the fundamental laws of absorption. The first Beer’s
law states that absorption is proportional to the number of absorbing molecules, and
therefore depends on the concentration of the sample. Lambert’s law also states that the

fraction of radiation absorbed is independent of the intensity of the radiation.

Figure 12 illustrates a schematic representation of the concept of measuring the sample
absorption. Suppose that the solvent absorption coefficient is equal to zero. In that case,
according to the Beer-Lambert law, the monochromatic radiation (A) beam after passing
through a homogeneous solution of a substance with a concentration of ¢ is weakened

according to the equation:''?
=1, x107¢k (2)
where:

I - the intensity of transmitted light [Einstein dm= s~']; Io— intensity of incident light,
[Einstein dm— s~!]; € — molar absorption coefficient at wavelength A [M~! cm™']; I- length

of the light path through the cell [cm]; c— sample concentration [M].

A substance's ability to absorb light at a specific wavelength A is quantified by its molar
absorption coefficient, with higher values indicating greater absorption. Additionally,

absorbance (A) can be expressed as:

A= l0g17°=elc (3)
According to the Beer-Lambert law (3), the absorption of radiation at wavelength A
depends on:
* the path length
* the concentration of absorbing species (chromophores)
* the molar absorption coefficient.

The electronic absorption spectrum shows the relation between A or € and the wavelength

of light. According to the Beer-Lambert law, the absorption of the sample increases
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linearly with the increase of the concentration of the sample. An absorption spectrum
is a characteristic feature of a particular chromophore. The wavelength of maximum
absorption for each band, along with the accompanying molar absorption coefficient,

must be determined in order to provide a comprehensive description of the spectrum.

[0 7
o
W_/

/

Figure 12 Schematic representation of the concept of sample absorption measurement

(1o is the intensity of incident light at wavelength /.

The absorption of UV-Vis radiation in organic molecules is restricted to functional groups
that contain valence electrons of low excitation energy. The valence electron can
generally occupy three types of molecular orbitals: single, double, or triple bonds bonding
orbitals, and non-bonding orbitals (lone pair electrons). Figure 13 displays the
arrangement of the electronic orbitals in terms of their respective energy. The ¢ bonding
orbitals have lower energy than the = bonding orbitals, which have lower energy than the
non-bonding orbitals. The absorption of electromagnetic radiation enables an electron
to transition from a bonding or non-bonding orbital into one of the empty anti-bonding

orbitals.

Most of the observed transitions in the UV-Vis region involve transitions n—n*, n—m*

and n—oc*.

The Cary 100 UV-Vis two-beam spectrophotometer and quartz cells (different path
lengths, 2 mm to 10 mm) were used to measure the absorption spectra of the compounds
at room temperature. The list of the investigated porphyrins and solvents used for the

measurements of the UV-Vis spectra of individual porphyrins is summarized in 7Table 5.
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Figure 13 Diagram of electronic transitions in UV-Vis spectroscopy of organic

chromophores

4.3 Fluorescence measurements

Fluorescence is a spectroscopic technique complementary to UV-Vis absorption.
The emission of light by a substance that has absorbed light or other electromagnetic
radiation is known as fluorescence. It is a form of luminescence. The emitted light has
a longer wavelength, and therefore a lower photon energy, than the absorbed radiation.
Moreover, the same orbitals are involved as in absorption spectroscopy. Fluorescence
spectroscopy is primarily concerned with electronic and vibrational states. Generally, the
species being examined has a ground electronic state (a low energy state) of interest, and
an excited electronic state of higher energy (as mentioned in 4.2 UV-Vis absorption

measurements). Multiple vibrational states are found within each electronic state.

The absorption of a photon by a molecule results in the movement of an electron from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO). From the sublevels, energy loss occurs in a nonradiative way, which is called
'vibrational relaxation'. After reaching the lowest vibrational level of the excited state, the
molecule can emit a photon and return to the ground state or to a vibrationally excited
ground state. Alternatively, the molecule may decay back to the ground state through the

emission of heat or, in some cases, by means of a photochemical reaction.
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Overall, this indicates that the photon that eventually gets released has less energy and
a longer wavelength than the photon that was initially absorbed. The diagram used

to describe this process is called the Jablonski diagram, shown in Figure 14.
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Figure 14 Fluorescence, shown in this Jablonski diagram, involves emitting a photon
of lower energy than the initially absorbed photon. The diagram is read from the left
to the right: absorbance (blue) occurs first, then vibrational relaxation (green), and then

fluorescence (orange)

In fluorescence spectroscopy, the Stokes shift is the difference between the spectral
position of the maximum of the absorption band and the maximum of the fluorescence
emission and can be expressed in either wavelength or wavenumber units, as shown

in Figure 15!

Stokes shift:

AA = A — Agex 4)

It should be noted that the wavenumber Stokes shift expression written above is only
an approximation, since it assumes that the wavenumber maxima are at the same position
as the wavelength maxima, which is not strictly true. When fluorescence spectra are
converted from a wavelength scale to a wavenumber scale, the positions of the maxima
slightly shift, since the spectral bandpass of the measurement is constant in wavelength

but not in wavenumber.
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Figure 15 Definition of the Stokes shift (A1)

The Stokes shift can be explained by the Perrin-Jablonski diagram which depicts the
process as an initial excitation to a higher vibrational level of the Si, followed by a rapid
non-radiative decay to the vibrational ground state of the S| (Figure 14 — green arrows).
As a result, the energy of the emitted fluorescence is lower than that of the absorbed

photon, causing it to have a longer wavelength.

Following photon absorption, an excited state molecule with an electron at a high-energy
vibrational level within an excited electronic state might simply re-emit a photon
of exactly the same wavelength as the one that was absorbed. However, the excited
electron is much more likely to relax into the lowest vibrational state within the excited
electronic state. Thus, if the excited fluorophore dissipates some of that initial excitation
energy as heat, it will quickly undergo relaxation to the lowest vibrational energy level
of the excited state. An important consequence of this rapid internal conversion is that all
subsequent relaxation pathways (fluorescence, non-radiative relaxation, intersystem
crossing, etc.) proceed from the lowest vibrational level of the excited state (Si).
Typically, when returning to the ground state (So), the transition occurs to a higher
vibrational level, which then undergoes vibrational relaxation to reach thermal
equilibrium. The probability of returning of the electron to a particular vibrational energy
level in the ground state is similar to the probability of this electron's position in the
ground state before excitation. This concept, known as the mirror image rule, is illustrated

in Figure 16. The emission transitions (orange lines) from the lowest vibrational energy
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level of the excited state back to various vibrational levels in the ground state.
The resulting emission spectrum (orange band) is a mirror image of the absorption

spectrum displayed for the hypothetical chromophore.
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Figure 16 Schematic representation of the mirror image rule

In brief, a spectrofluorometer that allows for fluorescence measurement is composed
of high intensity light source, excitation and emission monochromators, a sample holder,

and a detector connected to the computer (Figure 17).

Measurements of the fluorescence spectra of the studied porphyrins and their hybrids with
GO and rGO and GO/rGO itself were conducted using the LS 50B spectrofluorometer
(Perkin Elmer). Emission spectra were measured in quartz cells with 10 mm optical

lengths in solutions with absorbances at the excitation wavelength not higher than 0.1.

A plot of emission against wavelength for any given excitation wavelength is known
as the emission spectrum. To ensure the emission data obtained are reliable and credible,

a few rules should be followed:

o the absorption properties should be established before the excitation wavelength

1s selected.

o excitation spectra are recorded to establish the origin of the emission and to detect

the presence of impurities.
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e low absorbance (<0.1) should be used at excitation wavelengths to ensure uniform

excitation of the sample.

o self-absorption should be recognized to avoid inner filter effects type I and II.

(see: 4.3.2 Inner filter effect I and II)

e possible contributions from the static quenching mechanism (see: 4.3.1 Static and
dynamic quenching) should be evaluated by combining steady-state and

time-resolved fluorescence measurements.

EXCITATION

MONOCHROMATOR EMISSION

MONOCHROMATOR

SAMPLE

DETECTOR

‘; COMPUTER

Figure 17 Schematic representation of the spectrofluorometer

4.3.1 Static and dynamic quenching

Quenching refers to a physicochemical process that decreases the intensity of the
fluorescence of a sample. It can result from various phenomena, including excited-state
reactions, energy transfer, complex formation, and collisional quenching is a competing
process that reduces the quantum yield of fluorescence. The quenching can occur via

static or dynamic mechanism (7able 6).
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Table 6 Comparison between static quenching and dynamic quenching

Dynamic Quenching Static Quenching

b e o i quenching rate increases  quenching rate decreases

the temperature
Excited state lifetime shortening of the excited no change in the excited
state lifetime state lifetime

Absorption spectrum of Rl can be distorted

fluorophore

For dynamic (collisional) quenching, the Stern-Volmer equation holds:

Iy

,—;’= 1+ KplQ] = 1+ kg470[Q] (%)
where:

- intensity of the emission without a quencher; Ir — intensity of the emission with
a quencher; Kp — Stern-Volmer constant [M™! ]; kq— bimolecular rate constant [M™! s™'];
to - lifetime of the excited emissive state without presence of a quencher [s];

[Q] — concentration of a quencher [M].

For dynamic quenching, the I; /Irvalue is the same as the ratios of the fluorescence

quantum yields (¢w/dr) and excited state lifetimes (to/t) (Equation 6.).
=tos2 (©)

where: 19 - lifetime of the excited emissive state in the absence of a quencher [s];
1 - lifetime of the excited emissive state with presence of a quencher [s]; ¢o— quantum
yield of fluorescence in the absence of a quencher; ¢ - — quantum yield of fluorescence

with presence of a quencher.

Static quenching occurs when a fluorophore and quencher molecule form a complex
in the ground state, which is nonfluorescent. Therefore, the observed fluorescence can

occur only from the uncomplexed molecule. In this type of quenching, the properties
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of the excited state of the uncomplexed molecule remain unaltered, and hence the excited
state lifetime remains unchanged. There exists an equilibrium between a molecule bound
to the quencher and the free molecule (M) and the quencher (Q) as described below, with

an equilibrium constant for the static quenching K:

- (M: _ )
Static quenching can be described by the equation:
oo 14K
I + K[ Q] (8)

Interestingly, for static quenching, the dependence of I, /Iron [Q] is also linear therefore
based solely on the steady-state measurements dynamic and static quenching cannot
be distinguished. However, for static quenching, excited state lifetimes do not change and
t0o/1=1.Very often, a molecule can be quenched by through both mechanisms: static and

dynamic, which leads to the modified Stern-Volmer(Equation 9.):

o= (L4 K[QD( + Kp[QD) )

The existence of static quenching can be easily identified by the upward curvature of the

plot of I, /I against [Q].

4.3.2 Inner filter effects I and 11

The inner filter effect (IFE) is widely regarded as one of the most common phenomena
in fluorescence spectroscopy that can impact spectral measurements and data
analysis.”>!!> The fluorescence intensity may be affected by species present in the
solution that can absorb a portion of the excitation energy. This is particularly critical
when added quencher absorbs light at the excitation wavelength. In this case, to correct
the observed fluorescence intensities, the equation for the inner filter effect 1 (IFE

I) luore be applied. (Equation 10.)

corr _ jobs 4D+Q 1-10"4D
77 =1If An (1_10—AD+Q) (10)
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Where: I]E’bs, I]f"”— the intensities of fluorescence observed and corrected for the

absorption of the exciting light by the quencher, respectively; Ap — the absorbance of the
absorber at the excitation wavelength; Ap+q— total absorbance of the absorber and

quencher at the excitation wavelength.

Reabsorption of the emitted light by the added quencher can also reduce the measured
fluorescence intensity. This situation is called Inner Filter Effect II (IFE II). The inner
filter effect II should be taken into account when the absorption and fluorescence spectra
of the quencher and fluorophore overlap. The presence of IFE II can be identified by the
change in the shape of the fluorescence spectrum. This is because when the concentration
of the quencher changes, its ability to absorb the emitted light also changes. To take this
effect into account, the absorbance spectrum of the quencher should be measured and
subsequently used to compute the correction factor. Then the correction to the

fluorescence intensity can be calculated from Equation 11.:

Iobs
jeorr — f

- 10—£QCQU

(11)

Where: I]? bs, If"” — the intensities of the fluorescence intensities observed and corrected
for the absorption of the emitted light by the quencher, respectively; e- molar absorption
coefficient of the quencher at the monitored emission wavelength; 1" — effective path

length for the reabsorption of fluorescence.

4.3.3 Determination of fluorescence quantum yield

Fluorescence quantum yield (FQY) is defined as the ratio of the number of photons
emitted to the number of photons absorbed by the substance. FQY can be determined
using the standard substance, i.e. a substance with a well-known fluorescence quantum
efficiency. Standard samples should have a fluorescence band in the same spectral range
as that of the investigated sample. Furthermore, the absorbance for both should
be comparable and small (A<0.1). If the studied and standard samples are excited with
the light with the same wavelength, the following equation can be applied to calculate the

fluorescence quantum yield (Equation 12.).
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pF = S A% st & (12)

s Sst A% f nZ

Where: @7-  luorescence quantum yield of a sample X; Sx, Sy- integrated fluorescence
intensity (area under the spectrum) for sample x and standard sample, respectively;
A%, A%, — absorbance at the excitation wavelength (L) for sample x and standard sample,

respectively; @;t- fluorescence quantum yield of the standard sample; nx, ns — refractive

index for sample x solvent’s and standard sample solvents’s, respectively.

If the measurements for the sample and the standard sample are conducted in the same
solvent, the part of the equation that contains refractive indexes equals one and can

be omitted.

4.4 Time-correlated single-photon counting

Time-correlated single-photon counting (TCSPC) was performed to determine the
lifetime of the singlet excited state of the sample. The sample is excited by ultra-fast
impulses. The TCSPC method records the time between an exciting pulse and the arrival
of an individual photon that was emitted to the detector — interval time (Figure 18A).
The interval time is measured for each measurement cycle. Conditions of the
measurement should be selected carefully to ensure a nearly zero probability

of registering more than one photon in a cycle.

The schematic results obtained for TCSPC measurements are presented in histogram
form. The histogram shows the number of photons as a function of the time between

excitation and emission (Figure 18B).
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Figure 18 The principle of measuring fluorescence decay using the TCSPC method.

(A) Measurements of the interval between the exciting pulse and the emitted photon, and

(B) the final histogram resulting from the TCSPC measurements

Monoexponential decay can be described with the following mathematical equation:
I(t) = aexp (— %) (13)

I(t) is the fluorescence intensity at time t, and o and 1 are the pre-exponential factors and

the decay time, respectively.
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However, in the case of multiexponential decay equation (14) is applied:'®
t
I(t) = X aexp (=) (14)
l

The TCSPC method was used to measure the fluorescence lifetimes of porphyrins and
their nanohybrids with GBM. Emission lifetimes were measured using the FluoTime300
high-performance fluorescence spectrometer (PicoQuant) operating in time-correlated
single-photon counting mode. Different sub-nanosecond pulsed LEDs were used to excite
the investigated samples with appropriate wavelengths (405 or 440 nm). Light-scattering
Ludox solution (colloidal silica) was used to obtain the instrument response function
(IRF). All samples were measured in quartz cells with a path length of 10 mm. Easy Tau
software was used to fit the model functions (one- or two-exponential decays) to fit the

experimental data, with appropriate correction for the instrument response.

4.5 Femtosecond transient absorption spectroscopy

Femtosecond transient absorption (TA) spectroscopy measurements allow for monitoring
of processes occurring on the picoseconds to a few nanosecond time scale (i.e., singlet
excited state lifetime, electron transfer and energy transfer). The method can be applied
to obtain transient absorption spectra of short-lived individuals (excited states, products

of charge transfer) and the kinetics of their formation and disappearance.

The TA technique is a pump-probe technique in which two laser beams are used. Figure

19 and

Figure 20 present a concept of the method and the experimental setup. First
beam a monochromatic energetic pump pulse that triggers the photoexcitation of the
sample and a weak (broad or monochromatic) probe pulse, which monitors the
absorbance changes caused by excitation. The pump pulse is resonant with the electronic
transition of the photosystem. Thus, the pulse induces the transition of a certain amount

of molecules to their excited states by a vertical Franck-Condon transition.
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Figure 19 Principle of femto-TA

Additionally, the probe beam is separated, in front of the measuring cell, into its two
replicas. One is a probing beam (which passes through the excitation area of the sample),
whereas the other is a reference beam which passes through the unexcited area.
This approach allows to significantly reduce the impact of laser power fluctuations on the
measured spectra, and consequently allows the measurement of reliable spectra with

much smaller absorbance values.

A transient absorption spectrum is a graph of the dependence of the absorption change
on the wavelength. AA is the difference between sample absorption before excitation and
after excitation after a certain time delay. It is obtained by measuring the spectral
intensities of the probe beam for different pump-probe delays. The following equation

defines it:

Io(A
AA(T, A) = log% (15)

Where: AA — difference between sample absorption and ground and excited state

or reaction product ; Io(A) — the intensity of the probe pulse, measured in front of the
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sample; I- the intensity of the probe pulse passing through the sample, measured after the

T time from the moment of excitation.
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Figure 20 Schematic representation of the transient absorption technique (two-beam

method)

Femtosecond transient absorption experiments were conducted using a Solstice
Ti:sapphire regenerative amplifier from SpectraPhysics, combined with a Helios
(Ultrafast Systems) optical detection system. The fundamental output of the Solstice
system (800nm) was split the fundamental output of Solstice system (800nm) into two
beams: a pump (95%) and a probe (5%). The pump beam was directed through the
TOPAS-Prime (SpectraPhysics) automated optical parametric amplifier to obtain the
desired excitation wavelength in the range of 290-2600 nm. The probe beam was directed
to the Helios: a CCD-based pump-probe TA spectrometer (Ultrafast Systems LLC) with
an optical delay line that allows regulation of an appropriate delay time between the pump
and the probe (up to 3.2 ns). The white-light continuum was generated from the 5%
of the fundamental beam by passing it through the sapphire or calcium fluoride crystal

and was used to detect the transients.
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Femtosecond transient absorption measurements were used to investigate cationic
porphyrins and their nanohybrids with GO. All samples were prepared in quartz cells with

a 2 mm path were used. During the measurement, the sample was stirred continuously.

4.6 Nanosecond flash photolysis

Nanosecond laser flash photolysis (LFP) is a technique that enables the study of events
that occur on a timescale from a few nanoseconds to milliseconds. A sample is first
excited by a strong nanosecond pulse (pump pulse) of light from a pulsed laser. The pump
pulse leads to an increase in the population of the excited state molecules. The change
in absorption of the sample is recorded over time by temporal analysis of the transmitted
probe pulse. This method allows for the study of the decay of the triplet excited states

of molecules and short-lived species (i.e., as unstable radical intermediate products).

LFP experiments were conducted using an Nd: Y AG laser for excitation (SpectraPhysics)
and a pulsed xenon lamp to probe the excited sample. The setup additionally has
a monochromator and a photomultiplier tube to detect and convert the acquired signal.
The step-scan method recorded transient decays at individual wavelengths, and a step
distance was equal to 10 nm. The samples for the LFP measurements were deoxygenated
with argon (high purity) for 15 minutes prior to measurements. Rectangular quartz cells

(1 cm x 1 cm) were used in the experiments.

4.7 Fourier-transform infrared spectroscopy

Fourier-Transform Infrared Spectroscopy (FTIR) is a type of infrared spectroscopy that
involves passing infrared radiation through a sample. When the radiation interacts with
the sample, some of it is absorbed The absorbed energy in the infrared region corresponds
to the oscillation energy of the molecules which can cause bonds to stretch or bend
(Figure 21). It is called stretching or bending vibration. The IR light is absorbed when

the frequency matches the frequency of a particular vibrational mode.

The presence of the various bonds in the sample can be identified by the presence of the
characteristic frequencies for the bond vibration. According to the selection rules for IR
vibrations the vibrations are active only when the dipole moment of the molecule changes

during the absorption.
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Figure 21 Examples of different types of vibration modes: A) symmetric stretching,

B) asymmetric stretching, C) scissoring, and D) rocking

The obtained FTIR spectrum can be depicted as a dependence of transmittance (expressed
in %) on the wavenumber. It is a "molecular fingerprint" of a sample, and there are
no two molecular structures with identical IR spectra. Infrared spectroscopy is a useful
tool for identifying unknown materials, assessing the quality or consistency of a sample,

and determining the number of components in a mixture.

Figure 22 presents a schematic representation of the FTIR technique. Infrared radiation
is emitted from the source and passes through an aperture that controls the amount
of energy that reaches the sample. The beam enters the interferometer. This part of the
FTIR setup is employed to make the simultaneous measurement for all possible IR
frequencies. The interferometer produces a special type of signal that has all frequencies
'encoded' into it. Then, the beam reaches the sample, where it is transmitted through
or reflected off, depending on the type of analysis. In this place, specific frequencies
of energy for the material are absorbed. Finally, the beam passes to the detector for the

final measurement. The detectors are designed to measure unique interferogram signals.
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The signal is digitized, sent to the computer, and treated by the Fourier transformation

procedure.
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Figure 22 Schematic representation of the FTIR technique

The FTIR method was used to confirm the successful functionalization of GO or rGO
with porphyrins. It was realized by a qualitative comparison of the GO/rGO FTIR
spectrum with the spectrum obtained for the hybrid. Samples for FTIR measurements
were prepared as a pellet of the investigated hybrid with KBr. The hybrid was previously
centrifuged from the solution (12000 rpm, 45 minutes) and dried at 80°C throughout the

night. The pellet contains approximately 0.5% w/w of the investigated substance.

4.8 Elemental analysis

Elemental analysis (EA) is a method that allows the investigation of the elemental
composition of the substance. A fixed amount of investigated substance is used to carry
out the experiment. The EA can be both, quantitative, and qualitative. Qualitative EA
gives information on which chemical elements are present in the sample. Quantitative EA

shows the amount of each element in the investigated sample/compound.

The most common EA is the CHNS/O version, which is based on the combustion of the
sample. Upon combustion, the sample generates gases based on elements C, H, N, and S.

These combustion products are detected using gas chromatography, which allows the
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elemental composition to be quantified in the sample. C, H, N and S can be determined

simultaneously, while O can be analyzed in a second step by pyrolysis.

Figure 23 is a schematic representation of the EA technique. The sample is introduced
into the combustion chamber with various reductive and catalytic zones to convert
compounds to gases, such as CO2, H20, SO, and N>. Gas chromatography is then used
to separate them. Gases are quantified with a thermal conductivity detector to determine

the carbon, hydrogen, and nitrogen percentage in the sample.
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Figure 23 Schematic representation of the EA technique

Elemental analysis measurements were obtained using a Thermo ScientificFlash 2000
CHNS/O analyzer. The samples for the EA measurements were prepared by weighing the
fixed amount of the investigated samples (minimum 5 mg per sample). The samples were
prepared as pure and dried powder. Then 8 mg of V20s were added. V20s is used
as an oxidation catalyst. An oxidation catalyst is used to complete the oxidation of the
sample, and a reduction catalyst is used to perform any required reduction and remove

any excess oxygen.

4.9 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is an analysis method that allows to determine the
thermal stability of the substance. Measurement is based on the determination of the loss
of the sample mass with the temperature increase. Through the TGA, physical phenomena
such as second-order phase transitions, vaporization, desorption, etc., and chemical

phenomena such as decomposition, dehydration, etc., can be studied. The TGA analyzer

56



can also be connected to an FTIR spectrometer, a mass spectrometer, or a gas

chromatograph.

Figure 24 presents schematically the TGA technique. The fixed amount of the
investigated sample is placed in the platinum basket, and the basket is placed in a holder
and then in a heating tube. The temperature in the tube changes in a fixed temperature
range with a fixed step. The sample mass is continuously monitored and measured over

time thanks to a built-in balance.
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Figure 24 Schematic representation of the TGA technique

Porphyrin samples, GO and rGO, and their hybrids were investigated
by a thermogravimetric analyzer (Mattler Toledo TGA/DSC3+). Measurements were
carried out in an argon atmosphere from room temperature to 900°C with a step equals

to 10°C/min.

All samples used for the TGA measurements were dried powdered.

4.10 Atomic force microscopy

Atomic force microscopy (AFM) is a high-resolution non-optical imaging technique.
It is a powerful tool for surface analysis. AFM allows accurate and non-destructive
measurements of the various properties (topographical, electrical, magnetic, chemical,

optical, mechanical, etc.) of a sample surface in air, liquids, or ultra-high vacuum.
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Measurement is accomplished by scanning the surface with a sharp tip using a feedback
loop to adjust the parameters needed to image a surface in a raster pattern. AFM does not
require a conducting sample, and atomic forces are used to map the tip-sample interaction.
The AFM tip is usually made of silicon or silicon nitride and is integrated near the free
end of a flexible AFM cantilever. AFM demonstrated resolution on the order of fractions

of a nanometer, more than 1000 times better than the optical diffraction limit.

Atomic force microscopy images were recorded on an Agilent5500 AFM instrument.
Samples for the AFM measurements were prepared by dropping diluted aqueous

suspensions onto a mica surface and drying them in air.

4.11 Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy technique in which a beam
of electrons is transmitted through a specimen to form an image. Transmission electron
microscopes operate on many of the same optical principles as the light microscope.
However, they are capable of imaging at a significantly higher resolution than light
microscopes, owing to the smaller de Broglie wavelength of electrons. This increased
resolution allows to study the surface and structure of biological samples (organelles,
viruses and macromolecules). The analysis of metallic materials allows for the
observation of their structure, interfacial boundaries, crystallographic structure, chemical

bonds, or arrangement of atoms.

TEM employs a high-voltage electron beam in order to create an image. An electron gun
at the top of a TEM emits electrons that travel through the vacuum tube of the microscope.
Rather than having a glass lens focusing the light (as in the case of light microscopes),
the TEM employs an electromagnetic lens which focuses the electrons into a very fine
beam. This beam then passes through the specimen, which is very thin, and the electrons
either scatter or hit a fluorescent screen at the bottom of the microscope. An image of the
specimen appears on the screen with its parts displayed in different shades according

to its density. This image can then be studied directly within the TEM or photographed.
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Porphyrin structures in aqueous dispersion were imaged in EM 912 (Zeiss) Transmission
Electron Microscope after placing drops of dispersion onto copper grids, firmware of 200

mesh, and leaving the liquid to dry in air at room temperature.

4.12 Transient photocurrent

The transient photocurrent (TPC) measurement technique is used to study the
time-dependent (on a microsecond time scale) extraction of charges generated by the
photovoltaic effect. The measurement of TPC is realized by irradiation of the cell.
The cell consists of a working electrode (investigated sample), a counter electrode,
a reference electrode, and an electrolyte. A pulsed light source treats the investigated
sample. There are two ways to measure TPC: in a “light on” and a “light off” position.
In a ‘light on’, the signal is recorded as soon as the excitation pulse is switched on,
allowing to observe the build-up of charges on the electrode after the start of excitation.
’Light off” measurements show how the decay of the after the pulse is switched off.
Performing several on-off cycles allows to check the repeatability of the process.

The time between switching the irradiation on/off can be fixed.

The electrochemical workstation (Keithley model 617 programmable electrometer) was
used to conduct photoelectrochemical activities. The 0.1 M Lil acetonitrile solution was
used as an electrolyte. Experiments were performed using a three-electrode quartz cell.
The saturated calomel electrode was the reference electrode, a platinum electrode was
used as the counter electrode, and the electrodes with investigated samples acted as the
working electrodes. The photocurrents of the working electrodes with and without
irradiation were measured at 0 V using a fiber optic illuminator as the light source.
The irradiation was switched on and off in 30-second periods to measure the light and

dark current responses.

The samples used for the transient current photovoltaic (TCP) experiments, specifically
the working electrodes, were prepared by depositing a layer of SnO2 on a fluorine-doped
tin oxide (FTO) glass electrode using the doctor-blading method. The deposited sample
was then thermally treated under an air atmosphere. The prepared samples were coated
with GO by electrophoretic deposition. The GO - SnO; - FTO electrodes were left
overnight in the porphyrin baths (60 uM) and dried in air to achieve porphyrin

functionalization on their surface.

59



5. Results and Discussion

5.1 Characteristics of 2D materials used in work

In this work, two types of 2D materials were employed namely — graphene oxide and
reduced graphene oxide. Graphene oxide, received from Graphene Laboratory, was
prepared by oxidizing graphite powder using a modified Hummers’ method.'"”
The experiments were carried out using the GO material, which also served as the starting
material for obtaining rGO through its chemical reduction using ascorbic acid
(Appendix 1). The GO dispersions in water were stable and displayed a yellow-brown
colour. The aqueous rGO dispersions exhibited a noticeable showed a distinct colour
change from yellow-brown to black upon reduction with ascorbic acid (inset

of Figure 25).

The UV-Vis spectra of the GO and rGO suspensions are shown in Figure 25.
The absorption spectra of GO have been reported previously in a number

of publications.*>!18:119 A

sharp peak at ~230 nm is due to to n—t* transition of aromatic
C=C bonds in an aromatic ring, while the broad shoulder peak at 300 nm was attributed
to the n-m* transition of carbonyl groups.!!>!?* The intensity and position of these two
peaks may vary from sample to sample. '2'?> The progress of GO reduction can
be monitored by UV—Vis spectroscopy. The C=C peak position of the rGO synthesized
at different reduction times is shown in Figure 26. As the reduction time increased,
the red-shift of the Amax peak and the disappearance of the shoulder peak were observed.
These changes indicate the restoration of double bond conjugation in the rGO sheets and
the concurrent simultaneous removal of oxygen functionalities, respectively
(Figure 26).'% In the case of 2D materials used, signature peaks of GO disappeared and
the spectrum is red-shifted with a maximum at 259 nm. Also, the absorption background

between 260 and 800 nm increases obviously. All of that indicates an increase of the

degree of sp? conjugation by a regeneration of the sp? n-conjugated network.!'?*
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Figure 25 UV-Vis spectra of the aqueous solution of GO (black) and rGO (red). The inset

is an image of GO and rGO suspensions
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Figure 26 The C=C peak position shifting of rGO synthesized at different reduction times.
Adapted from ref ** with permission from Elsevier (2018)

The obtained materials were characterized by X-ray photoelectron spectroscopy (XPS)
(Figure 27A), TGA (Figure 27B) and FTIR (Figure 28). XPS provides important
information on the chemical and electronic state of the element present on the surface
and, in that case, is useful for investigating the efficiency of the reduction by the ascorbic
acid. In Figure 27A are reported the Cls XPS spectra of GO and rGO. On the XPS
spectrum of graphene oxide, a high degree of oxidation is clearly visible. On the other
hand, the C1s spectrum of rGO shows the same peak, but in this case, the intensity peaks
relative to the oxygen functional groups are much weaker, demonstrating efficient oxygen

removal. The C/O ratio of rGO is improved from 2.2 to 4.1 of GO showing that a large
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amount of the oxygen-containing groups are successfully removed from GO after

reduction.
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Figure 27 A) The Cls scan XPS spectra of the GO (black) and rGO (blue) samples;
B) TGA curves of GO (black) and rGO (blue)

The confirmation for the successful reduction of GO was derived from TGA.
Figure 27B shows the TGA curves of GO and rGO. The mass loss of about 16% from
room temperature to 180 °C for GO can be ascribed to the loss of adsorbed water.
The mass loss of approximately 24% at 215 °C was related to the decomposition
of unstable oxygen functional groups. In the case of rGO, no sharp mass loss at 215 °C

was observed.

Consistent with the XPS analysis, the FTIR spectra (Figure 28B) clearly show the
effective chemical reduction of GO. As shown in Figure 28B, the peaks attributed
to C=0 in carboxylic acid and carbonyl moieties (vC=0 at 1622 cm '), C-OH (vC—-OH
at 1380 cm™!) and the broad peak around 3400 cm™! attributable to the C—-OH stretching
vibrations of a hydroxyl group decrease dramatically in the transition from GO to rGO.
This implies a partial reduction of GO. The spectrum of GO shows a lot of functional
groups present in the structure (Figure 28). Skeletal vibrations of the C=C bonds
in graphitic structures overlapped with the vibrations of the O—H bonds in the water
molecules present in the GO sample. Additionally, there are shown peaks around: 1156
cm ! (stretching vibrations of the C—O bonds) and 1040 cm ™! (stretching vibrations of the
C—0O-C bonds in the epoxy groups).
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Figure 28 The FTIR spectra of GO (black) and rGO (blue)

The GO sheets were imagined by AFM (Figure 29). The obtained results allowed
to estimate their lateral sizes to be 1-2 pm with an average thickness of 0.9 nm what

is in great agreement with literature'?® (Figure 30).
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Figure 29 A representative AFM image of the GO sheets collected from GO dispersion

in water

Moreover, oxidation level, flakes size, and number of layers of GO sheets may vary
depending on the conditions of their preparation. Gacka et al. demonstrated that there
is a correlation between the size/ number of graphene oxide flakes and the photocatalytic
activity of GO. They evaluated the effect based on the photocatalytic hydrogen
production in a system containing eosin Y as a sensitizer, triethanolamine as a sacrificial

electron donor, and CoSO4 as a precatalyst.'?® It was found that too long ultrasound
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treatment had a negative impact on the GO enhancement of hydrogen production which
was related to fragmentation of GO flakes. The photocatalytic system produced the
highest amount of H> when graphene oxide occurs as monolayers, and the efficiency

becomes lower with the decreasing GO sheet size.
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Figure 30 A thickness distribution histogram for GO sheet

The ionic strength and pH are vital factors affecting the aggregation of GO sheets.
According to the new aggregation model'?’, one can quantitatively predict the
aggregation behaviour of GO sheets under different ionic strengths and pH values.
The stability of GO sheets depends on the equilibrium between the van der Waals
attraction and the electrostatic repulsion. The electrostatic repulsion between the adjacent
GO sheets mainly stems from the deprotonated oxygen functional groups such as the
carboxylic group. Therefore, the pH value of the GO dispersion is the key to the
stabilization of the GO sheets because it largely influences the surface charge density of
GO. It is known that both (multilayered) graphite oxide and (single-layered) graphene
oxide dispersions tend to coagulate under highly acidic conditions as a result of the loss
of surface charge.!?®!? The pKa of GO is around 4.0 which means that under low pH
most of its carboxyl groups are protonated>?, which may affect non-covalent interaction

with different molecules.

The conduction band edge of GO, used in the conducted considerations and calculations,

was taken from the literature and was found to be equal to -0.55 V vs. NHE.!*0
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5.2 Cationic porphyrins
5.2.1 TMPyP and its zinc derivative ZnTMPyP

Two noncovalent porphyrin/graphene oxide nanohybrids were synthesized by mixing the
solution of the cationic porphyrin TMPyP or its zinc(Il) derivative (ZnTMPyP) with
a graphene oxide suspension, followed by their spectroscopic characterization.
These nanohybrids were investigated for their potential use in RhB photodegradation.
The structures of TMPyP and ZnTMPyP are shown in Figure 10 (Chapter 4.1 The
compounds used in the doctoral dissertation). The nanohybrids were comprehensively
compared focusing on their spectroscopic and photocatalytic properties. The main
objective of this work was to determine whether the presence of a Zn(Il) atom in the
porphyrin core affects the photocatalytic activity of the nanohybrid toward RhB
degradation (Scheme 8).

Porphyrin

Visible

Products

Scheme 8 Illustration of the concept of RhB photodegradation in the system containing
the non-covalent Por/GO hybrid

5.2.1.1. Steady-state absorption properties
TMPyP is a water-soluble porphyrin with four N-methylpyridyl substituents in the meso
positions. At neutral pH, TMPyP carries a charge of +4. Under strongly acidic conditions

the protonation of imino nitrogens increases the overall charge to +6. Based on acid-base
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titration, the pKa of the protonation of imino nitrogens in the porphyrin core was

determined to be 1.2 (Figure 31).
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Figure 31 A) UV-Vis absorption spectra registered for TMPyP solution (2.3 uM)
at neutral (pH 7.0) (black) and acidic condition (pH 1.0) (ved) B) Fitting of Boltzmann
function to the dependence of the absorbance at 421 nm (red) and 442 nm (black)

as a function of pH

ZnTMPyP has been obtained through the metalation of the porphyrin core with Zn(II)

and resulting in a molecule that can exists only as a cation with +4 charge.

Porphyrins are prone to aggregation, which affects their spectroscopic properties.
However, for TMPyP*" and ZnTMPyP*", because of Columbic repulsion between the

cationic porphyrin molecules, aggregation is not likely.!*!

The absorption spectra for both TMPyP*" and ZnTMPyP*" were compared in a water
solution under neutral conditions (Figure 32). The spectra exhibited characteristic bands
expected for porphyrin molecules, that is, the Soret and Q-bands. The UV-Vis spectrum
obtained for TMPyP*" exhibited a Soret band with a maximum at ca. 422 nm and four
less intense Q-bands at ca. 518, 555, 584, and 642 nm. The Zn(Il) intersection into the
porphyrin ring caused a 15 nm red-shift of the Soret band along with a decrease in the
molar absorption coefficient. The shift of the Soret band can be explained by the fact that
the zinc metalloporphyrin is a closed-shell ion, in which zinc-based orbitals have low
energy. This reduces the energy gap between the HOMO and LUMO levels of the
porphyrin ring.%® In addition, the UV-Vis spectrum of ZnTMPyP poses two Q-bands,at

566 and 613 nm. The decrease in the number of bands can be attributed to the increase in
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the symmetry (from D2nto Dan) of the porphyrin ring which is consistent with the reported

spectra of porphyrin and analogous metalloporphyrin.®
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Figure 32 Absorption spectra of: A) TMPyP** and B) ZnTMPyP’" in water

(inset: Q-band region of the same spectra)

The molar absorption coefficients were calculated based on the absorbance value of the
porphyrin solutions with known concentration, and were equal to €422 = 2.0 x 10°

M'lem! and e437= 1.2 x 10° M cm™! for TMPyP*" and ZnTMPyP**, respectively.

Steady-state absorption measurement in the presence of GO

A titration experiment was conducted to estimate the ground state interaction between
porphyrin molecules and graphene oxide surfaces. 3 mL of each porphyrin (TMPyP**
or ZnTMPyP*") solutions were placed in a quartz cuvette with a 10 mm light path and

titrated with an aqueous solution of GO with a fixed concentration, i.e., 0.2 mg mL™".

The optical absorption spectra of the series TMPyP*/GO nanohybrid suspension
obtained during the titration experiment are shown in Figure 33A. The GO solution was
gradually added to the 1.0 uM aqueous solution of TMPyP**. The addition of GO caused
a significant change in the UV-Vis spectra of the porphyrin. The Soret band at 422 nm
disappeared, and a new red-shift band at ca. 440 nm was formed simultaneously. The new
band can be assigned to the increasing concentration of TMPyP*" porphyrin molecules
absorbed on the GO surface. The absorbance at 440 nm increased linearly with the added
GO dispersion and reached a maximum for a concentration as low as 6.7 pg mL'.
The clear isosbestic point observed at 434 nm indicates a clear transformation from the

free porphyrin to the porphyrin adsorbed on the GO surface.
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Figure 33 A) Absorption spectra recorded during the addition of a different amount
of aqueous solution of GO (concentration of a stock solution: 0.2 mg mL™) to: A) 1.9 uM
aqueous TMPyP*" solution, B) 1.0 uM aqueous ZnTMPyP*" solution. The spectra are

corrected for the GO absorption

The analogous experiment was carried out for ZnTMPyP*". Figure 33B shows the
UV-Vis spectra of the ZnTMPyP*/GO nanohybrid series recorded during the addition
of an aqueous suspension of GO (0.2 mg mL™) to an aqueous solution of 1.0 uM
ZnTMPyP*. A bathochromic shift of the Soret band position by 16 nm was observed
together with the appearance of an isosbestic point at 447 nm. Observed changes provide
evidence of an interaction between porphyrin molecules in their ground state and GO

surface.

In both cases, the formation of a hybrid resulted in a decrease in the molar absorption
coefficient of the porphyrin adsorbed on the GO surface. The molar absorption
coefficients obtained for porphyrin/GO nanohybrids are still high and equal
to eas0 = 1.2 x 10> M' x ecm™! for TMPyP*/GO and &s53 = 0.8 x 10° M cm™! for
ZnTMPyP*"/GO (Table 7).

The bathochromic shifts observed during both nanohybrid formation processes could be
explained by at least two mechanisms: (1) J-aggregation of the porphyrin molecules and
(2) porphyrin molecule flatten ring. The first possibility is unlikely because under
experimental conditions, i.e. pH equals 6.2, the porphyrins exist as +4 cation (four
positive charges at the meso substituents). However, it was reported that TMPyP*"
in water exist as a monomer at lower concentrations (~107> M), with higher concentrations

it exists as a dimer.!*""!*2 The formation of the higher aggregates of the TMPyP*" may
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be prevented by the electrostatic repulsion between TMPyP*" dimer and monomer at the

concentrations below 1x102 M.!3? The clear isosbestic point during titration

(Figure 33, Table 7) and the linear dependence of the absorbance at the maximum of the

Soret band on the GO concentration (Figure 34) suggest that the obtained material has

a precisely defined structure. In addition, only a slight broadening of the Soret band was

observed for the adsorbed porphyrin.

Table 7 Summary of the absorption properties of TMPyP*" and ZnTMPyP*" in water

as a free molecule and adsorbed on the surface of GO

Amax 8(}¥max)

(nm) (M em™)

TMPyP*+ 422 2.0x%x10°

ZnTMPyP* 437 1.2 x10°
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Figure 34 Dependence of the absorbance changes as a function of GO concentration

added to porphyrin solution for A) TMPyP**, B) ZnTMPyP**. The subscripts 0 and GO

refer to samples without and with the addition of GO, respectively
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In addition, the AFM measurements were useful tools to investigate the morphology
of the porphyrin/GO nanohybrids in more detail. The AMF images obtained provided
solid evidence for the molecular assembly of cationic porphyrins on GO sheets.
As mentioned in 5.1 Characteristics of 2D materials used in work, individual sheets
of non-functionalized GO in pH 6.2 are 1-2 um lateral sizes. The GO was present
as a single sheet with an apparent thickness of ca. 0.9 nm.'?* The depth profiles obtained
for both nanohybrids (TMPyP*/GO and ZnTMPyP*/GO) showed additional jumps
of ca. 1 nm (Figure 35). Assuming that the thickness of one TMPyP molecule
is ca. 0.5 nm (considering the rotation of pyridinium rings to a more flat position, parallel
)70

to the planes of porphyrin rings)’®, it can be concluded that the porphyrin molecules were

adsorbed on the GO sheets as single molecules, not aggregates.
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Figure 35 AMF depth profile of A) TMPyP*"/GO and B) ZnTMPyP**/GO

A possible explanation for the observed red-shifts of the Soret bands in the TMPyP*/GO
and ZnTMPyP*"/GO nanohybrids is related to the flattening of the porphyrin molecule
once it is adsorbed on the GO sheet. This concept was discussed earlier in the literature
for similar cationic nanohybrids of TMPyP*" and rGO or chemically converted graphene
(CCG) and neutral TPPH or ZnTPPH with GO.7>783%% Previous theoretical calculations
showed that only a 30° change in the orientation of the meso-substituents toward the
porphyrin core can lead to a bathochromic shift of the Soret band by as much as 30 nm.!*?
Theoretical calculations for neutral porphyrin have provided evidence for the flattening
of the ZnTPPH and TPPH upon adsorption on graphene oxide. The interaction
of ZnTPPH and TPPH with GO causes twisting of the side rings relative to the porphyrin
core from about 60° to 45° and 39° for ZnTPPH and TPPH, respectively.”>> Moreover,
the experimentally observed Soret band red-shift of 16 nm for the ZnTPPH adsorbed
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on the GO surface was well reproduced in theory.”> The slightly smaller red-shift
observed for ZnTMPyP*" in comparison to TMPyP*" upon adsorption on GO
(Figure 33, Table 7) can be attributed to the less profound flattening of the ZnTMPyP**
as observed previously for the TPPH and ZnTPPH.”>%

The titration of the aqueous graphene oxide solution with porphyrin solutions was used
to estimate the maximum amount o porphyrin that can be attached to the surface
of graphene oxide sheets (Figure 36). To the GO solution with a fixed concentration,
different amounts of porphyrins solutions were gradually added. For small
concentrations, the maximum position of the Soret band corresponded to the porphyrin
adsorbed on the surface of GO. With a small amount of porphyrin, all molecules were
adsorbed on the GO sheet. However, with an increasing concentration of TMPyP*" and
ZnTMPyP*" Soret band shifted to the lower wavelength, and above 6.42 uM the
absorbance of the Soret band attributed to free porphyrins began to contribute to the
absorption spectra. The maximum amount of TMPyP*" in TMPyP*/GO is less than 5%
(% w/w), while nearly 0.11 mg of ZnTMPyP*" can be adsorbed on 1 mg of GO surface
(9.9%, % w/w). The assumption that porphyrin molecules do not cover the whole surface

of GO seems legitimate on the basis of AFM data.
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Figure 36 A) Absorption spectra recorded during the addition of an aqueous solution
of TMPyP** (0-15 uM) to 0.13 mg mL' GO in H.O (3 mL). B) Absorption spectra
recorded during the addition of an aqueous solution of ZnTMPyP*" (0-15 uM) to 0.05
mg mL™' GO in H>O (3 mL)

Spectroscopic results demonstrated that the interaction between GO and porphyrins

(TMPyP* and ZnTMPyP*") was already profound in the ground state and that the
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fabrication of the new hybrid materials is limited simply to the combination of two

solutions containing porphyrin and GO.

The newly obtained cationic porphyrin/GO materials were isolated by a centrifugation
experiment controlled by absorption spectroscopy. The UV—Vis spectra of the suspension
of the nanohybrids TMPyP*"/GO and ZnTMPyP*"/GO before and supernatants after the
centrifugation are shown in Figure 37. Based on the minor peak attributed to porphyrin
in the UV—Vis of the supernatant, it was concluded that nearly the entire amount
of nanohybrids was collected successfully as a precipitate. A strong interaction
of porphyrins with GO can be explained by the coulombic attraction between cationic

TMPyP* and ZnTMPyP*" and negatively charged GO.
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Figure 37 Absorption spectra of> A) aqueous solutions of free TMPyP*" (black),
TMPyP** with the addition of GO suspension (red) and spectrum of the supernatant afier
centrifuging (blue), B) aqueous solutions of free ZnTMPyP*" (black), ZnTMPyP*" with
the addition of GO suspension (red) and spectrum of the supernatant after centrifuging
(blue)

5.2.1.2 Steady-state and time-resolved emission

To investigate the interactions of the excited state of the porphyrin molecules with GO,
photoluminescence spectroscopy was applied. As discussed previously, the absorption
spectra of TMPyP*" and ZnTMPyP*" change after adding graphene oxide to the solution.
Therefore, the solutions were excited at the isosbestic points (7able 7) to maintain the
same absorbance at the excitation wavelength during all measurements. It was essential

for quantitative analysis of the data. An increase in the amount of GO in the sample results
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in a decrease in the fluorescence intensity of the porphyrin. The emission spectra
of several porphyrin/GO (different in the amount of GO) hybrids are shown in Figure 38.
To compare the efficiency of both porphyrins' fluorescence quenching by GO,
the emission spectra presented were depicted for the same amount of added GO (0.19 pg
mL"). The quenching efficiency for the GO concentration of 0.19 pg mL"! was calculated
to be 17% and 50% for TMPyP*" and ZnTMPyP*', respectively. To quench 50% of the
TMPyP emission intensity, a concentration of GO equal to 0.42 pg mL™! was required

(Figure 39).

30 A

25

20

If
f

151

10 4

600 650 700 750 800 600 650 700 750 800
Wavelength, nm Wavelegth, nm

Figure 38 A) Quenching of the fluorescence of: A) 0.50 uM TMPyP*" in H,O recorded
during the addition of an aqueous suspension of GO (0 -0.19 ug mL™); Jex= 434 nm; B)
0.16 uM ZnTMPyP** in H>0 recorded during the
addition of an aqueous suspension of GO (0 -0.19 ug mL”), le= 447 nm
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Figure 39 Quenching of the fluorescence of 0.50uM TMPyP*" in H>O recorded during
the addition of an aqueous suspension of GO (GO concentration in solution 0- 0.98 ug
mL™"), Jex= 434 nm

The lower quenching efficiency of TMPyP*" by GO provides the information that the
interaction with this porphyrin is weaker compared to its zinc(II) derivative. On the basis
of the emission measurements in the presence of GO, the quenching mechanism cannot
be specified. To explain the origin of the observed decrease in the emissions intensity
of both TMPyP*" and ZnTMPyP*" in the presence of GO, it is necessary to consider the
mechanisms of dynamic and static quenching. In the case of dynamic quenching, the
shortening of the fluorescence lifetime of the porphyrin in the presence of GO should
be detected. In contrast, the fluorescence lifetime is expected to remain unchanged for the
static quenching. (see: 4.3.1 Static and dynamic quenching) To determine which
mechanism is responsible for the observed decrease of the porphyrin’s fluorescence
intensity upon GO addition, the time-correlated single-photon counting technique was

applied.

The fluorescence decay profiles of TMPyP*" and ZnTMPyP*" recorded in the presence
and absence of GO were presented in the Figure 40. The fluorescence lifetime extracted
from the fluorescence decays for ZnTMPyP*" and TMPyP*" in the absence of GO was
found to be approximately 1.3 ns and 5.7 ns (which is in line with previous literature

reportsso’83’134),

respectively. With increasing concentration, no change in the
fluorescence decay kinetics of both porphyrins was observed. The lack of a detectable
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change in the fluorescence lifetime of the free porphyrins excludes dynamic quenching
of the singlet excited state of porphyrins by GO. Comprehensive analysis of the emission
quenching (steady-state and time-resolved) led to the conclusion that observed

fluorescence quenching was attributed to the static quenching of the porphyrin by GO.
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Figure 40 Decay of A) TMPyP*" fluorescence recorded in the absence (black) and
presence (blue) of GO (0.49 ug mL™), prompt (red); dex = 440 nm, lem = 693 nm,
B) ZnTMPyP*" fluorescence recorded in the absence (black) and presence (blue) of GO
(0.19 ug mL™), prompt (red); dex = 440 nm, Aem = 650 nm

Based on the comparison of the UV-Vis absorption spectra emission from the nanohybrid
material is expected to be red-shifted compared to the emission of free porphyrin
molecules. However, no change in the position and shape of the peaks in the emission
spectra was observed after adding GO to the TMPyP*" or ZnTMPyP*" solution
(Figure 41).
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Figure 41 Normalized fluorescence spectra of: A) TMPyP*" solution (black) and in the
presence of GO (0.72 ug mL) (red), Jex=434 nm; B) ZnTMPyP*" solution (black) and
in the presence of GO (0.13 ug mL™) (red), dex=447 nm

Furthermore, the fluorescence excitation spectrum recorded for TMPyP*" and
ZnTMPyP*" solutions after the addition of GO matched the absorption spectrum of the
free porphyrins (Figure 42). On the basis of the above observations, it can be concluded

that the investigated nanohybrid is not an emissive complex.
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Figure 42 A) Normalized fluorescence excitation spectrum of the mixture of TMPyP*"
(1.2 uM) and GO (6.67 ug mL) lex=434 nm (red), absorption spectra of TMPyP**
(1.0 uM) in the absence of GO (black) and with the presence of GO (6.67 ug mL™) (blue).
B) Normalized fluorescence excitation spectrum of the mixture of ZnTMPyP** (1.5 uM)
and GO (6.67 ug mL) Aex=447 nm (red) and absorption spectra of ZnTMPyP** (1.0 uM)
in the absence of GO (black) and with the presence of GO (6.67 ug mL™) (blue)
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5.2.1.3 Femtosecond TA Spectroscopy

The lack of measurable emission from the complexes ZnTMPyP*"/GO and TMPyP* /GO
indicates that there is a possibility of a very rapid deactivation process of the excited state,
such as an energy or electron transfer. This process could be responsible for the quenching
of the singlet excited state ('S™) of porphyrins. The free energy of the ET was calculated
by applying the Rehm-Weller equation.'*>!3¢ The value of this free energy gives
information on whether an ET process from the singlet excited state ('S”) of the porphyrin
to GO is thermodynamically feasible. The value of the 0-0 transition energy was
estimated (7able 8), based on the fluorescence results of free porphyrins. The oxidation
potentials were taken from the literature.'*” The conduction band edge of GO was taken
from the literature and was found to be equal to -0.55 V vs. NHE.!*® Using these values,
the free energy of the electron transfer from the singlet excited state of ZnTMPyP*" and
TMPyP*" to GO was estimated to be -0.11 eV and 0.02 eV, respectively (7Table 8).
The negative value of the free ET energy for ZnTMPyP (-0.11eV) and the slightly positive
value for TMPyP (0.02 eV) indicate that photoinduced electron transfer could possibly

take place in both cases.

Table 8 Zero-zero transitions of the singlet excited state of TMPyP** and ZnTMPyP*",

their oxidation potentials, and estimated driving force of the electron transfer reaction

values
Porphyrin Eo-o (eV) Eox(Vvs.NHE) E“x(V vs. NHE) Ger (eV)
TMPyP 2.07 1.54 -0.53 0.02
ZnTMPyP 2.08 1.42 -0.66 -0.11

Ultrafast TA spectroscopy was applied as a helpful tool to monitor the influence of GO

on the deactivation pathways of the singlet excited state ('S™) of porphyrins. Experiments
were performed for both porphyrins (TMPyP*" and ZnTMPyP*") and their nanohybrids
with GO.

Figure 43 presents transient absorption spectra for the TMPyP*" and TMPyP* /GO
nanohybrid measured at different time delays. The transient absorption spectra for
TMPyP* measured immediately after the laser pulse exhibited an intense signal
ca. 450-500 nm, which is typical for 'S™ of porphyrins.”*° In addition, bleaching of the
Q-bands at ca. 518, 555, 584, and 643 nm can be observed.
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Figure 43 Transient absorption spectra measured at different time delays for
A) TMPyP** (5.0 uM) and B) TMPyP*"/GO (porphyrin concentration 5.0 uM, GO
concentration 10 ug mL”) in water following the 422 nm laser excitation for A) and 437
nm laser excitation for B). Transient absorption spectra in B) were corrected for the

contribution from GO itself

The positions of these signals match the positions of the Q-band of the TMPyP*" in the
ground state ( Figure 32). Transient absorption kinetics were found to be biexponential.
The transient spectra showed two components: a fast one (16 ps) and a slower one
(3.8 ns) (value with the error since the whole time window of the experiment is 2.8 ns).
The fast component can be assigned to an excited state conformational change
or a vibrational cooling path through the relaxation of excess energy from the solute
to the solvent.!**1%0 However, the slow component is attributed to the decay of 'S
(Figure 44). The decay of 'S” is related to formation of the triplet state, which has
a similar transient spectrum.3"'*! After the addition of GO to TMPyP**, the transient
absorption spectra after correction for the transient absorption of GO itself ( Figure 43B)
showed almost no difference compared to the spectra recorded for the unbound TMPyP**
( Figure 43A). Only the position of the bleach signal changed from 520 nm to 528 nm,
which is in agreement with the ground-state absorption spectra of the nanohybrid.
No appreciable increase in the absorption above 600 nm was observed, which could

indicate the presence of a TMPyP radical cation.*
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Figure 44 Absorption time profiles at 480 nm measured for TMPyP**(green) and
TMPyP**/GO (black) following the 422 nm and 437 nm laser excitation, respectively

The comparison of the time profiles recorded for free TMPyP*" and TMPyP*" attached
to the surface of the GO is shown in Figure 44. The kinetic profile at 480 nm for free
TMPyP*" remained almost constant during 150 ps after excitation. Interestingly, at the
same wavelength, TMPyP*"/GO exhibited fast decay. The 'S lifetime of TMPyP*
adsorbed on GO sheets was remarkably reduced. The decay was found to be biexponential
with lifetimes of ca. 1.5 ps and 25 ps. This demonstrates a strong influence of GO on the
properties of TMPyP in its photoexcited state. An electron transfer is a possible
explanation for the observed fast decay of the 'S™ of TMPyP*" attached to the GO sheet.
The lack of detection of the radical cation of the porphyrin, which would constitute
unambiguous evidence of any electron transfer, can be rationalize by similar rates

of electron transfer and back electron transfer.

The results of the femtosecond transient absorption spectroscopy for free ZnTMPyP*"
and ZnTMPyP* bound to GO are depicted
in Figure 45.
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Figure 45 Transient absorption spectra registered at various time delays for
A)ZnTMPyP** (8 uM) and B) ZnTMPyP**/GO (porphyrin concentration 8.0 uM, GO
concentration 10 ug mL™) in water following the 437 nm laser excitation for A) and 453

nm laser excitation for B)

The Q-bands' apparent negative absorption band was observed at wavelengths that match
the ground-state absorption spectra. The lifetime of !S™ was determined from the kinetic
profile at 590 nm and was equal to 1.45 ns. This value is in excellent agreement with the
value determined independently in the TCSPC experiment ( Figure 40B).
The disappearance of the transient absorption attributed to the 'S™ of ZnTMPyP during
3 ns was accompanied by only small changes in the spectrum. Furthermore, the growth
of a weak signal was observed around 675 nm. These changes in the absorption spectra
of 'S™ over time can be attributed to the triplet excited-state formation. Because of the
significant similarity of both TA spectra, the spectral evolution observed in femtosecond
TA spectroscopy is small.

An analogous TA experiment was conducted for a sample of the ZnTMPyP*/GO
nanohybrid, i.e., porphyrin after adding GO (Figure 45B). The TA spectra
of ZnTMPyP* /GO look different from the TA spectrum of free ZnTMPyP*
(Figure 45A). Figure 46 shows transient absorption spectra registered at various time
delays for GO, which were used in the spectra correction. Otherwise, the observed TA
spectra of the porphyrin can be falsely interpreted in terms of ET processes

(see: Figure 47 with uncorrected spectra).
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Figure 46 Transient absorption spectra registered at various time delays for GO (10 ug
mL™’)

As presented in Figure 45B, an additional band was detected in the 650-800 nm region.
This band has been assigned to the porphyrin radical cation ZnTMPyP"™® based
on comparison to the spectra for the ZnTMPyP** reported previously in the literature.®!:142
Therefore the observation of ZnTMPyP"® gives clear evidence for the photoinduced ET

process from porphyrin molecule to the GO surface.
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Figure 47 Transient absorption spectra registered at various time delays for
ZnTMPyP**/GO (porphyrin concentration 8.0 uM, GO — 10 ug mL™) in water following
the 453 nm laser excitation without correction for the transient absorbance of the GO

itself
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The time profiles for free ZnTMPyP*" and ZnTMPyP** after GO addition were recorded
at 710 nm. Their comparison reveals a significant difference in decay dynamics.
In contrast to free ZnTMyP*', the time profiles of ZnTMyP*" bound to the GO sheet
exhibit a very fast decay (Figure 48). The time profile of ZnTMPyP*" attached to GO
could be well fitted to the two-exponential decay function. The time constants obtained
from the fit are 1.4 and 26 ps. It was previously found that back ET within the ion pair
of radical cation of ZnTMPyP and graphene carboxylate occurs with a time constant
of 20 ps.2%8! Furthermore, two-time constants ranging from several to tens of picoseconds
were obtained to decay the formed cation in the presence of GO.”® Decay of the porphyrin
radical cation with two-time constant can originate from various geometries of the

porphyrin molecules in the nanohybrid material.

It should be noted that the radical cation of ZnTMPyP*" in our system was observed
immediately after excitation, indicating a very fast electron transfer from ZnTMPyP*"
to GO. Such a fast photoinduced ET can occur only when the donor and acceptor are
already in a very close connection before excitation. The disappearance of the radical
cation of the ZnTMPyP signal can be explained by back electron transfer.
This is confirmed by comparing the bleach recovery at 575 nm, which follows the same
kinetics as the kinetic decay at 710 nm. Interestingly, a residual signal (offset)
of approximately 14% was present in all decay profiles. This signal is explained
by a fraction of the ZnTMPyP radical cation, which did not undergo back electron transfer
during our probed time window of 3 ns. The variable geometries of the ZnTMPyP*/GO

nanohybrids may influence the rate constant of back electron transfer.
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Figure 48 Absorption time profiles at 710 nm measured for ZnTMPyP*" (red) and
ZnTMPyP** /GO (blue ) following the 437 nm and 453 nm laser excitation, respectively

(black line shows the two exponential decay fit)

5.2.1.4 Photoelectrochemical measurements

Complementary photocurrent measurements give experimental support for the
photoinduced charge separation mechanism. Figure 49 shows the photoelectrical
response of the SnO»-FTO electrodes covered with: GO, TMPyP*" and ZnTMPyP*
(Appendix 2). The irradiation was switched on and off in 30-second periods to measure
the electrodes' light and dark response. The photocurrent response of GO itself was

negligible.

An obvious photocurrent response for the electrode was observed for electrodes covered
with TMPyP*"/GO and ZnTMPyP*/GO films. All experiments were carried out under
the same conditions. The increase in the photocurrent provides evidence for the
photoinduced charge transfer in the studied materials. The produced photocurrent was
constant or decreased by 15% in the three irradiation cycles for the TMPyP*"/GO and
ZnTMPyP*"/GO films, respectively.
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Figure 49 Transient photocurrent in time for A) TMPyP**/GO and B) ZnTMPyP**/GO
under white light illumination (electrolyte: 0.1 M Lil in acetonitrile). On both, the red

line shows the photocurrent generated by GO

The photocurrent generated by the ZnTMPyP*"/GO sample was approximately two times
higher than that produced by the TMPyP*"/GO sample. The higher photocurrent response
for zinc porphyrin might be attributed to more efficient electron-hole separations.
The results obtained from the photocurrent measurements can explain the higher

photocatalytic activity of the ZnTMPyP*"/GO material (see below).
5.2.1.5 Photocatalytic activity towards RhB degradation
The photocatalytic activity of the fabricated TMPyP*/GO and ZnTMPyP*/GO

nanohybrids was evaluated by degradation of the organic dye pollutant Rhodamine B

(RhB) in water under visible light irradiation.
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The suspension of RhB and the photocatalysts used for photolytic performance were
stirred overnight to reach an absorption-desorption equilibrium. Subsequently, each
sample was irradiated under visible light for 2 hours while stirring constantly. The change
in RhB concentration was determined spectrophotochemically by measuring the
absorbance of RhB at 554 nm at various time intervals (Figure 50). Based on that,
a decrease in RhB concentration was estimated. The control experiment, that is, a sample
without the addition of any photocatalyst, was conducted, and very small degradation
(3% after 2 hours) of RhB molecules was observed. All of the photocatalyst samples were
catalytically active for the decomposition of RhB using visible-light irradiation. For
a quantitative comparison of the photocatalytic performance of the hybrid materials, the
absorbance of the porphyrins in both composite materials was kept constant. This ensures
the absorption of the same number of photons by the samples. Obtained data were

corrected for the photodegradation of RhB itself.

Interestingly, the activity of the ZnTMPyP*" was the highest and achieved ca. 19%
of RhB decomposition after 2 hours. The free porphyrins did not show any photocatalytic
activity toward RhB degradation. It was found that both porphyrins are unstable under
light irradiation. It should be noted that both TMPyP*" and ZnTMPyP*" porphyrins were
tested in photocatalysis as monomers. However, it was proven that porphyrins could show
photocatalytic activity toward RhB degradation when they are self-assembled.!!!:!43
The efficiency of aggregates’ photocatalytic activity depends on the morphology of the
porphyrin nanostructures.'!! In addition, it was observed that the adsorption of the
porphyrin molecule (TMPyP*" or ZnTMPyP*") onto the surface of GO appreciably
improved the photostability of porphyrins. The decomposition of the porphyrins in the

porphyrin/GO was negligible after 2 hours of irradiation.
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Figure 50 RhB photodegradation under visible irradiation (2>400 nm): control (black,
m), GO (brown, A), T MPyP4 */GO composite (blue, W) and ZnTMPyP/GO composite

(red, V)

The degradation of RhB could be described with a pseudo-first-order kinetic model.
The experimental data were plotted as a function of In(C/Co) versus time to obtain the
rate constants for the photocatalytic reaction. The rate constants of the reaction were
found to be ca. 1.9 x103 and 1.0 x 10 min for ZnTMPyP*"/GO and TMPyP*"/GO,

respectively.

A previous study reported that graphene nanoplates supported by TCPP aggregates
exhibited a RhB degradation rate constant of approximately 7.3 x 10~ min™.!** The rate
constant for RhB degradation was further increased by applying ternary nanostructure
graphene@TiO2@TCCP to 9.4 x 10 min!.!*3 It has also been shown that supramolecular
ZnTPP porphyrin-based nanofibers exhibit photocatalytic activity toward RhB
degradation. The performance of the ZnTPP supramolecular assemblies was further
enhanced by functionalizing with the GO sheet, with the reported rate constant
of 2.6 x 1072 min' .'* One has to be aware that any comparison between the reported
systems should be done with caution because the photocatalytic activity of these systems
depends not only on the catalytic activity of the photocatalyst itself but also
on experimental conditions: concentration of RhB or photocatalyst, power, and spectral

pattern of the light source.
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The prolongation of ZnTMPyP*"/GO irradiation led to the degradation of 80% of RhB
(Figure 51).
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Figure 51 UV-Vis spectra of the aqueous solution of RhB with the addition
of ZnTMPyP**/GO as a photocatalyst during 25 h of Vis-irradiation

Discussion of the mechanism for RhB photodegradation by TMPyP+/GO and
ZnTMPyP+/GO nanohybrids

The UV-Vis maximum absorption spectra of RhB shift from 554 to 530 nm during
photodegradation (Figure 51). As previously reported, this effect indicated that
photodegradation occurs via N-deethylation.?>!4-14% Moreover, it was found that the
photodegradation of RhB was negligible if the experiment was conducted under an argon
atmosphere. This indicates that the presence of oxygen is essential in this process.
It is well-known that pollutants can be degraded by various reactive oxygen species
(hydroxyl radical OH’, superoxide anion O>") generated when a photocatalyst
is irradiated by light.!"*” The work function of GO was estimated to be ca. 4.2 eV.
The energy levels of LUMO (-4.14 eV) and HOMO (-6.17 eV) for ZnTMPyP porphyrin

were calculated and depicted in Scheme 9.

After analyzing the collected data (steady-state and time-resolved spectroscopic
measurements), a possible mechanism for RhB degradation by porphyrin/GO

nanohybrids was proposed (Scheme 9).

The porphyrin electrons can be photoexcited from the level of So to S;" LUMO and

transferred to the GO sheet. This leads to the formation of electron-hole pairs.
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The reaction between photogenerated holes on the surface of porphyrin (TMPyP*"
or ZnTMPyP*") and H>O or OH" results in the formation of the hydroxyl radical OH". The
OH’ can oxidize RhB to degradable products. At the same time, the photogenerated
electron on the GO sheet can react with oxygen molecules dissolved in H>O and produce
the superoxide oxygen anion O,". Singlet oxygen (!02) is usually formed in the energy
transfer process from the triplet excited state of the molecule to the oxygen triplet ground
state. On the basis of TA spectroscopy data, the formation of the triplet excited state
of the porphyrin adsorbed on the GO surface is entirely suppressed. Rapid deactivation
of the singlet excited state of porphyrin via ET to GO excludes the intersystem crossing
process. Formation of the porphyrin in the triplet excited state does not occur. This led

to the conclusion that singlet oxygen does not participate in the degradation of RhB.

In summary, ROS formation (OH"and O>") results in RhB degradation in water. The ROS
formation efficiency is expected to be higher for the ZnTMPyP*"/GO system due to the

formation of longer-lived change-separated states.
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Scheme 9 Proposed mechanism for RhB photodegradation by porphyrin/GO
nanohybrids (porphyrin = TMPyP**, ZnTMPyP*")

5.2.1.6 Summary

The comprehensive steady-state absorption and emission data analysis allowed
to conclude that the metalation of TMPyP*" with Zn(II) increased the binding ability

of the porphyrin to the GO surface. Photocurrent measurements and femtosecond TA
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spectroscopy provided evidence for ET occurring in the hybrid materials. The obtained
data indicate that the presence of Zn(Il) in the core of the porphyrin can promote charge
separation in the ZnTMPyP*/GO composites. The higher degradation rate seen with
ZnTMPyP*/GO as compared to the TMPyP*/GO assemblies highlights the beneficial

role of Zn(II) metalation of the porphyrin ring.

57.2.2 TMAP

5,10,15,20-tetra(4-trimethylammoniophenyl) porphyrin tetra(p-toluenesulfonate)
(TMAP) is a water-soluble porphyrin. The porphyrin core is modified with four
N-methylated phenyl groups, which carry a positive charge of +4 under neutral
conditions. Under the acidic pH additionally, the core of the porphyrin is protonated
leading to the overall increase of the molecule’s charge to +6 (Figure 52). The initial
hypothesis was that by increasing the positive overall charge of the molecule the
electrostatic interactions between the porphyrin molecule and the surface of GO can
be enhanced. On the basis of the acid-base titration process of an aqueous solution
of TMAP porphyrin, the acid dissociation constant (pKa) was determined. The pKa was
found to be 2.7 (Figure 53).

TMAP*  TMAP®Y <=

W

Figure 52 Chemical structures of TMAP** and TMAP®" and corresponding photograph

of the porphyrin aqueous solution
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Figure 53 A) UV-Vis absorption spectra registered for the TMAP solution (7.56 uM)
during titration with IM HCIL B) Fitting the Boltzmann function to the relationship
between absorbance at 411 nm (black) or 430 nm (red), and the pH value

The UV-Vis spectrum obtained under neutral conditions (pH 6.2) exhibited an intense
Soret band centred at ca. 411 nm and the four less intense Q-bands at ca. 513, 550, 587,
and 633 nm (Figure 54).
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Figure 54 Absorption spectra of TMAP*" (black) and TMAP®" (red) in water

(inset: Q-band region of the same spectra)

For acidic conditions (pH 1.8), the UV-Vis spectrum exhibited a red-shifted Soret band
(atca. 431 nm) and a decrease in the number of Q-band peaks due to the higher symmetry
of the porphyrin molecule. The Q-bands change from four bands (corresponding to the
D2n symmetry) to two peak spectra indicative of the D4n symmetry where both pyrrolic

nitrogens are protonated, %6466
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Based on the absorbance values of the three independent porphyrin solutions with known
concentrations, the molar absorption coefficients for both forms of TMAP porphyrin were
calculated. The absorption coefficients for the maximum of the Soret bands for both
TMAP forms were comparable and equal to €411=3.7 x 10° M"! cm™ and €431-=3.8 x 10°

M em! for TMAP*" and TMAP®*, respectively (Figure 54).

Porphyrins in solution are prone to aggregation.!!®!*® Free-based porphyrins can
aggregate through weak m-m interactions. However, there is still controversy about the
self-aggregation of cationic porphyrins.'*!"!32 Doubts concerning the possible aggregation
of cationic porphyrin arise from the fact that there is an electrostatic repulsion between
charged substituents of the cationic porphyrin molecule. Therefore aggregation
of positively charged porphyrin is still the subject of research.!*!!>° To account for the
possibility of the aggregation of TMAP*' itself, the UV-Vis spectra were measured for
a series of TMAP*" concentrations (Figure 55A). It was found that the shape of the
UV-Vis spectrum obtained under neutral conditions does not change with increasing
porphyrin concentration (Figure S5B) and in addition, the dependence of the absorbance
at the maximum of the Soret band on the TMAP*" concentration was found to be linear
(Figure 55C) This allows to conclude that in the concentration range (0.19 uM — 3.5 uM)

TMAP*" aggregation does not occur.
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Figure 55 A) Absorption spectra recorded for an aqueous TMAP*" solution for various
porphyrin concentrations (ranging from0.19 uM to 3.5 uM),; B) Normalized absorption
spectra for aqueous TMAP*" solution for porphyrin concentration 3.5 uM (black) and
0.19 uM (red); C) Dependence of the absorbance at the Soret band as a function

of TMAP*" concentration

5.2.2.1 Steady-state absorption properties

In this part of the research, non-covalent nanohybrids between cationic TMAP and GO
sheets were prepared under two different pH values (1.8 and 6.2). The TMAP molecule
is positively charged, regardless of whether the environment is either almost neutral
or acidic. The protonation of imino nitrogen only increases the overall charge of the

porphyrin molecule from +4 to +6.

Moreover, GO sheets in an aqueous solution at neutral pH are negatively charged
as a result of the deprotonation of the functional groups on their surface. Thus, cationic
porphyrin derivatives are expected to functionalize the surface of GO through

electrostatic forces and n-m stacking interactions.

The interactions of the TMAP porphyrin molecule with the GO oxide sheet were
investigated under Ph 6.2 and 1.8. The purpose of this study was to examine which form
of the TMAP molecule, TMAP* or TMAP®", can be assembled to the GO more
efficiently.

To determine whether there is an interaction between the porphyrin molecule and the
surface of graphene oxide in the ground state, the experiment was carried out in which
the porphyrin solution was titrated with an aqueous solution of GO followed by UV-Vis

measurements.

The optical absorption spectra of the series TMAP*/GO nanohybrid suspension are
shown in Figure 56A. An aqueous GO solution (0.4 mg MI') was gradually added
to the porphyrin 1.1 uM solution (pH 6.2). The addition of GO caused a stepwise
disappearance of the Soret band at 411 nm accompanied by the formation of a new,
red-shifted band at ca. 421 nm. The new band can be assigned to the absorption of light
by a porphyrin molecule attached non-covalently to the graphene oxide sheet’s surface.
The shift of the Soret band between the free TMAP*" molecule and TMAP*" adsorbed

on the GO surface is equal to 10 nm. An isosbestic point (at 416 nm) was observed, which
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also speaks of a clear change from free TMAP*" to adsorbed TMAP*" on the surface
of GO. Furthermore, Q-band peaks shifted from 513, 550, 587, and 633 nm to 519, 554,
585, and 640 nm, respectively. Furthermore, the extinction coefficient at the maximum
of the Soret band of TMAP*" adsorbed on GO is almost twice lower (g421=1.9 x 10° M!
cm’™!) compared to free TMAP*" molecules. Only a slight broadening of the Soret band
was observed for the adsorbed porphyrin. These spectral results clearly show that
TMAP*" interacts strongly with GO in the ground state and that the TMAP*/GO
nanohybrid can be easily obtained by simple mixing of the solutions of two components,

porphyrin and graphene oxide.

Based on the spectral results described above, it is reasonable to conclude that adsorption
of TMAP*" on the GO sheet causes significant changes in the electronic structure of the
porphyrin. The bathochromic shift (10 nm) observed during nanohybrid formation could
be explained by at least three different mechanisms: 1) protonation of the nitrogen in the
porphyrin ring 2) J-aggregation of the porphyrin molecules, and 3) flattening of the
porphyrin ring. The first possibility is highly unlikely since the protonation of the nitrogen
in the ring can be achieved only in a highly acidic medium. The most plausible
explanation for the observed red-shift of the Soret band in the TMAP*/GO is the
flattening of the porphyrin structure upon adsorption on the GO sheet. This mechanism
has previously been proposed for TMPyP and chemically converted graphene (CCG)
or reduced graphene oxide (rGO).”®% In the structure of an unstrained TMAP*" molecule,
four cationic trimethylanilinium groups are nearly perpendicular to the porphyrin plane
due to a strong steric hindrance. Rotation of trimethylated pyridine substituents to the
same plane as the porphyrin ring results in the extension of the m-conjugation and
bathochromic shift of the Soret band. Generally, in the case of TMAP*" the observed
red-shift (10 nm) is significantly smaller than the one observed for TMPyP/rGO (30 nm)
or TMPyP/CCG (37 nm).”®!1131 [t can be attributed to the bulky cationic side groups that
make it more difficult to achieve coplanar confirmation with the porphyrin macrocycle.
The flattening of the porphyrin molecules is induced by a n-n stacking interaction which
can be stronger for rGO or CCG sheets which have more delocalized and conjugated

electron structures in comparison to GO.
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Figure 56 Absorption spectra recorded during the process of titration of 3 mL
of A) 1.1 uM aqueous solution of TMAP*" (pH 6.2) with 0.4 mg mL™" of GO dispersion
(GO concentration: 0-2.6 ugmL™);: B) 1.1 uM aqueous solution of TMAP®* (pH 1.8) with
0.4 mg mL™" of GO dispersion (GO concentration: 0-2.6 ug mL™)

An analogue titration experiment was performed under acidic pH. The experiment was
carried out for the same range of GO concentration as in pH 6.2. No appreciable changes
in the UV-Vis spectra of TMAP®" were observed (Figure 56B). Only after lowering the
concentration of the porphyrin molecules to 0.24 uM with a simultaneous increase in the
concentration of the GO solution (the final concentration was ca. 4.6 times higher) the

UV-Vis changes of TMAP®"in the presence of GO were noticeable (Figure 57).

The Soret band at ca. 431 nm has been red-shifted (25 nm) and decreased in intensity.
This indicates that the interaction between TMAP®" and GO is largely suppressed
compared to TMAP*".
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Figure 57 Absorption spectra recorded during the titration process of 3 mL of 0.24 uM
aqueous solution of TMAPS" (pH 1.8) with 3.0 mg mL’ of GO dispersion

(GO concentration: 0-12 ug mL™). Spectra were corrected for GO absorption

The interaction between the porphyrin molecule and GO was examined at different pH
(6.2 and 1.8) using GO films cast on glass slides. A glass slide was coated with GO
(0.02 mg cm™?) and immersed in aqueous solutions containing TMAP (28 uM) at pH 6.2
or 1.8 for 20 minutes. Subsequently, the films were rinsed with the solvent and dried
in air. The prepared sample was measured with UV-Vis spectroscopy (Figure 58).
The increase in the absorption attributed to the porphyrin with a maximum at 427 and 440
nm at pH 6.2 and 1.8, respectively confirmed the successful attachment of the TMAP
to GO. The Soret band of the porphyrin on the GO film was shifted by 6 nm for TMAP*
and 4 nm for TMAP®*, compared to the experiments performed in solution. It is also
evident that more porphyrin molecules are loaded on the film which was immersed in the
porphyrin solution at pH 6.2 These results clearly show that the interaction of TMAP with

the GO sheet is weaker in an acidic environment (pH 1.8).
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Figure 58 Absorption spectra of the glass slide coated with GO (red), immersed
in aqueous solutions of TMAP*" (pH 6.2) (blue) and TMAP®" (pH 1.8) (black) for 20
minutes. The spectra were not corrected for the absorption of the GO film itself.
Inset: Images of the glass slide GO-film coated after immersion in aqueous solutions

of (1) TMAP** and (2) TMAPS*

To determine the pH at which the interaction between the porphyrin molecule and GO
is stronger (pH 6.2 or 1.8), a centrifugation experiment followed by UV-Vis spectroscopy
was conducted. First, a solution of a porphyrin/GO nanohybrid was prepared at first
by mixing the two components: an aqueous solution of the GO and an aqueous solution
of the porphyrin at an appropriate pH. The UV-Vis spectra of the suspension before and
after centrifugation were measured (Figure 59). The results obtained show that
ca. 80% of the nanohybrid was successfully collected as a precipitate at pH 6.2 (12000
rpm, 45 minutes). In the analogous experiment carried out under acidic conditions
(pH 1.8), the supernatant contained majority of the dye used to prepare the nanohybrid.
On the basis of that, it can be assumed that under acidic pH only a small amount
of porphyrin was successfully adsorbed on the GO. Therefore it can be concluded that the

formation of the nanohybrid was largely suppressed under acidic pH.
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Figure 59 Absorption spectra of A) aqueous solutions (pH 6.2) of free TMAP*" (black),
TMAP*" with the addition of GO suspension (red) and spectrum of the supernatant after
centrifuging (blue); B) aqueous solutions (pH 1.8) of free TMAPS" (black), TMAP®" with
the addition of GO suspension (red) and spectrum of the supernatant after centrifuging
(blue)

The free energy of the electron transfer from the singlet excited state of TMAP to GO
was estimated using a Rehm-Weller type calculation. First, the value of the 0-0 transition
energy was calculated (Eo.0=2.1 eV), based on fluorescence results of free porphyrins.
The oxidation potential (Eox = 1.15 V vs. NHE) of TMAP in the ground state was taken
from the literature.'’” Based on these data and the transition energy derived, the oxidation
potential in the excited state was estimated (Eox™=-0.95 V vs. NHE and compared to the
energy of the graphene oxide conduction band (Ecg=-0.553 V vs. NHE)."*? The oxidation
potential of porphyrin in the excited state is more negative than that of the graphene oxide
conductivity band. The free enthalpy of this electron transfer (Ger) was estimated
to be about -0.4 eV. This means that photoinduced electron transfer is thermodynamically

allowed.

Furthermore, energy transfer between two components of the hybrid (TMAP*" and GO
or TMAP®" and GO) is highly unlikely due to negligible overlap of the normalized
absorption spectrum of GO and the normalized spectrum of the porphyrin molecule

(TMAP* or TMAP®) (Figure 60).
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Figure 60 Overlap of the normalized emission spectra of the A) TMAP*" and B) TMAPS*

with the normalized absorption spectra of graphene oxide

5.2.2.3 TMAP/GO nanohybrid characterization

As described in detail in the previous section, the aqueous solution of TMAP*" was mixed
with a dark brown aqueous suspension of GO, producing a light brown suspension
subjected to further centrifugation. The precipitate was collected, dried, and subjected

to further analysis.

The successful non-covalent functionalization of graphene oxide with cationic porphyrin
— TMAP by several methods. The FTIR, TGA and elemental analysis were conducted
using TMAP*/GO hybrid powder, after centrifugation and drying (Appendix 3).
The Raman and AFM measurements were performed for TMAP porphyrin at two pH (6.2
and 1.8). Aqueous solutions of TMAP*" and TMAP®" were used to prepare the samples
dropping diluted aqueous suspensions onto the appropriate surfaces by dropping them

onto a suitable medium.
Raman Spectroscopy

Figure 61 shows the Raman spectra of TMAP*" and TMAP®". The macrocycle’s
protonation state very slightly affected the peaks’ spectral positions and intensity ratios
between peaks. The most intense peaks were recorded at ca. 703 cm™! (out-of-plane
deformation of phenyl rings), 987 cm™ (out of plane deformation of C-H bonds/pyrrole
breathing vibrations), ca. 1011 ¢m™ (symmetric stretching Ca-Cw/pyrrole breathing
vibrations), ca. 1099 cm™ (in-plane deformation Cp-H/ in-plane deformation C-H
at phenyl rings), 1244 cm™ (in-plane deformation Cm-phenyl), 1319 cm™ (symmetric
stretching Cq-N/asymmetric stretching Co-Cp and in-plane deformation Cg-H), ca. 1476
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cm! (asymmetric stretching Cq-Cg/stretching Cp-Cp) and 1546 cm™! (symmetric stretching
Cp-Cp and Cp-H/stretching Cp-Cp and Cy-Crn).
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Raman shift, cm™”

Figure 61 Raman spectra of TMAP*" (blue) and TMAP®" (red). The asterisk denotes

signals from the silicon substrate (519 cm™)

The Raman spectra of both hybrids (TMAP*/GO and TMAP®"/GO) confirm the
attachment of the porphyrin molecule to the surface of the graphene oxide sheet

(Figure 62).
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Figure 62 Raman spectra of GO (black), TMAP**/GO (blue), and TMAP®"/GO (red)
hybrids excited at 532 nm. The asterisk denotes the signal from the silicon substrate

(519 cm™). The spectra presented are baseline-corrected
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For both, Raman peaks characteristic of the porphyrin macrocycle are present in the
spectra. Spectra. However, the signals generated by the adsorbed porphyrin molecules are
more prominent in the TMAP*"/GO hybrid, suggesting a higher porphyrin concentration
in the hybrid. This observation indicates a stronger interaction between the dye and GO
under neutral pH conditions than under acidic pH conditions. This result is consistent
with the findings from steady-state absorption measurements. Shifts in the porphyrin
signals after binding to the surface of the GO sheet appear only for peaks related to the
stretching vibrations of carbon atoms in the porphyrin macrocycle itself. This is indicative

of the proximity of the porphyrin core to the GO sheet.

In the hybrid spectrum, the D band typical for the GO (see: 5.1 Characteristics of 2D
materials used in work) is slightly shifted towards higher wavenumbers,
by approx. 4 cm™. The D band appeared at 1353 cm™! (for TMAP*"/GO) and 1352 cm™
(for TMAP®*/GO). The G band was registered at 1597 cm™ (TMAP*"/GO) and 1602
cm™! (TMAP®"/GO). Compared to unmodified GO, only for TMAP**/GO, the G band was
the 5 cm™ downshift. However, in both nanohybrids, the broadening of the G bands can
be observed. The "shoulder" appears presumably due to the overlap of the most intense
porphyrin Raman peak (at ca. 1546 cm™) and the G band of GO. It provides evidence for
efficient functionalization of the graphene oxide surface with the porphyrin molecules.

The D-to-G intensity ratio has not changed compared to that of nonmodified GO.
Atomic Force Microscopy (AFM)

The morphology of the nanohybrids, TMAP*/GO and TMAP®"/GO, was studied
by AFM (Figure 63). The apparent thickness of GO was found to be equal to ca. 0.9 nm
which matches the thickness of one GO layer, as was described in 5.1 Characteristics of
2D materials used in work. In comparison, the average thickness of the TMAP*/GO
nanohybrid was determined to be approximately 1.3 nm, which gives a 0.4 nm increment.
It indicated the successful decoration of the GO sheet with porphyrin molecules. Taking
into account that the thickness of one TMAP porphyrin molecule is about 0.5 nm,'*3
it can be concluded that the TMAP*" molecules were adsorbed on the GO sheet

as a monolayer. However, the distribution of the porphyrin on the surface of GO was not

uniform.

Under acidic conditions (pH 1.8), where the porphyrin exists as a +6 charged form, under

these conditions, the determined apparent thickness value of the resulting nanohybrid
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is highly variable, measuring approximately 10 nm (Figure 63B). This can be explained
by the formation of aggregates of GO of different thicknesses and sizes (see: 5.1

Characteristics of 2D materials used in work).
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Figure 63 AFM images of A) TMAP*'/GO and B) TMAP®"/GO with depth profiles

FTIR

Figure 64 displays the FTIR spectra of the TMAP*", GO and TMAP*"/GO nanohybrid
obtained by the non-covalent interaction of the porphyrin molecule with the surface
of the graphene oxide sheet. In the FTIR spectrum of GO (as described
in 5.1 Characteristics of 2D materials used in work), there are numerous peaks attributed
to the functional groups present in the structure of GO: a strong and broad and around
3000

cm’! (O-H stretching vibration band) at 1719 cm™ (carboxyl and carbonyl C=0 stretching
vibrations), 1590 cm™! (skeletal vibrations of the C=C bonds), 1225 cm™ (C-O stretching
vibrations), and 1040 cm! (stretching vibrations of the C-O-C bonds in epoxy groups).

The spectrum of TMAP*" agrees well with the chemical structure of this porphyrin
molecule. The free-base porphyrin exhibits typical bands of this class of compounds.

The bands at 3410 cm™ and 967 cm™! correspond to N-H and C-H stretching and bending
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vibrations. The bands at 846 cm™ and 801 cm™! referred to the out-of-plane deformation
of the macrocycle ring. The bands relative to the C-H phenyl vibrations appeared
at 1010 cm™, 1118 cm™', and 1175 cm™. The bands at 3036 cm™ and 1475 cm™ are

attributed to stretching and bending vibrations (C-H)methy!-

The FTIR spectrum of the TMAP*/GO nanohybrid confirms that porphyrin was
successfully adsorbed on the surface of the GO sheets. The spectrum has signals typical
for both graphene oxide and TMAP*" porphyrin. The porphyrin fingerprint region
exhibits peaks at 800 cm™ and 840 cm™!, which were not observed in the spectrum of GO

itself.
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Figure 64 The FTIR spectra of the A) TMAP*" and B) TMAP**/GO nanohybrid
Elemental analysis

Elemental analysis was used to further confirm the adsorption of TMAP*" molecules

on the graphene oxide sheets (7able 9). The nitrogen content in the TMAP*/GO
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nanohybrid increased compared to GO. It can be attributed to the presence of porphyrin
in the nanohybrid. Based on the increase in the content of the individual elements in the

nanohybrid, it was estimated that the material contains ca. 18% of TMAP.

Table 9 Results of the elemental analysis of the GO and nanohybrid TMAP*'/GO
Sample C wt.% H wt.% N wt.% S wt.%
GO! 48.43 2.21 0.0 0.20

TMAP+/GO 54.26 3.04 0.50 0.13

1— described in 5.1 Characteristics of 2D materials used in work

Thermogravimetric analysis (TGA)

The results obtained by thermogravimetric analysis provide additional evidence for the
successful functionalization of GO with porphyrin at pH 6.2. Figure 65 displays the TGA
curves of GO, TMAP*", and TMAP*/GO nanohybrid. The TGA curves were recorded

under an argon atmosphere from room temperature up to 900 °C.
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Figure 65 The TGA curves of the GO (black), TMAP (red), and TMAP*'/GO nanohybrid
(blue)

For the GO sample, from room temperature to 115 °C, a mass loss of about 16%
is observed. This mass loss can be ascribed to the desorption of physically-adsorbed water
on the surface and between the GO layers. A mass loss of approximately 24% was

observed around 215 °C, attributed to unstable oxygen-containing functional groups
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(such as hydroxyl, epoxy, and carboxyl) pyrolysis. The thermal decomposition of GO

is completed at a temperature of 875 °C.

In the thermal decomposition of TMAP, a weight loss of approximately 4% is observed
between 42 and 114 °C. It is attributed to the loss of water. In the 160-290° C range,
up to 7.3% of the mass is lost due to partial removal of the -N(CHs)*" groups.
The decomposition of the organic moiety continues with increasing temperature,

up to 900 °C, with a residue weight of 34.4%.

The TGA curve of TMAP*"/GO shows different behavior than the TGA curves of the free
components (GO and TMAP*"), indicating that the nanohybrid is a new material with
unique properties. The step attributed to the decomposition of the oxygenated groups
of GO is shifted toward lower temperatures. The peak observed in the TGA of TMAP*"
attributed to the decomposition of the cationic moiety is not observed in the TGA
of TMAP*/GO. Electrostatic interaction of the negatively charged GO surface with the
cationic groups of TMAP*" could increase the stability of the latter. Interestingly, the
thermogravimetric analysis of the complex TMAP*/GO shows that the nanohybrid

is more thermally stable than non-functionalized GO.

5.2.2.2. Steady-state and time-resolved emission

Photoluminescence spectroscopy is a useful tool for investigating the electronic
interactions of TMAP molecules (in both forms, TMAP*" and TMAP®") in their singlet
excited states with GO sheets. The correction factor for the GO absorption at the
excitation wavelengths was less than 0.5% (see: 4.3.2 Inner filter effects I and II).
For comparative emission studies, the matching absorbance at the excitation wavelengths
was used. To ensure the constant absorbance at the excitation wavelengths during
emission measurement the solutions of porphyrins and nanohybrids were excited at the

i1sosbestic point, that is, 416 nm and 438 nm for pH 6.2 and 1.8, respectively.

Figure 66 shows a series of emission spectra recorded during the addition of an aqueous
solution of GO to the TMAP* * solution and the TMAP®" solution both in water. First
of all, it can be observed that the shapes of the spectra are different. The emission
spectrum of TMAP*" has two unresolved bands, at ca. 645 nm and 702 nm. They can
be described as Q(0,0) and Q(0,1) and are associated with the S;—So transition
(Figure 66A). Free TMAP*" exhibit fluorescence with a quantum efficiency of 0.095.
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Unlike the +4 form, TMAP®" has only one emission band, at 664 nm. The Q(0,0) band

nearly vanishes, as was also reported for other porphyrins upon core protonation.”?
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Figure 66 A) Emission spectra recorded during addition of an aqueous suspension of GO
(GO concentration: 0-0.36 ug mL™') to 0.3 uM TMAP*" in H>O at pH 6.2, B) emission
spectra recorded during the addition of an aqueous suspension of GO (GO concentration:

0-0.9 ug mL) to 0.08 uM TMAP®* in H>0 at pH 1.8

The emission of TMAP*" is successively quenched upon GO addition (Figure 66A).
To quench ca. 50% of the fluorescence intensity of TMAP*", the addition of only
0.3 ug mL! of GO is needed. The observed change in the emission intensity for TMAP**

is much more profound in comparison to TMAP®*.

As shown in Figure 66B, successive addition of GO up to 0.90 ug mL™! into the solution
of TMAP®" had only a minor effect on the intensity of the emission spectra. This further
confirms that the interaction between TMAP®" and GO is weaker compared to TMAP*",
Only at much higher GO concetration the emission quenching was observed. With the

concentration of GO 3.86 ug mL™! 50% of the TMAP®" emission was quenched.

Two species, free TMAP*" and TMAP*/GO nanohybrid, are present in the solution
during the experiment. In principle, both of them could be responsible for the observed
fluorescence. TMAP*/GO has a different electronic structure compared to free TMAP*
(confirmed by UV-Vis spectroscopy — see: 5.2.2.1 Steady-state absorption properties).
Thus, it is expected that the emission of the nanohybrid should be red-shifted compared

to the emission of free TMAP*". However, no observable changes in the emission spectra
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were detected, nor was there a change in shape or a change in the position of the peaks
(Figure 67). As shown in Figure 68, the fluorescence excitation spectrum measured for
TMAP*" porphyrin in the presence of GO matches the absorption spectra of free
porphyrin. All the steady-state emission data obtained indicate that TMAP*" and TMAPS*
are the only emissive species present in the solution. Their complexes with GO are not
emissive (or their emission is below the detection capability of the apparatus used). The
lack of detectable emission from the TMAP*/GO nanohybrid suggests that the excited
state of TMAP* is deactivated rapidly in other fast process. In the literature,
the quenching of the emission intensity in the presence of the GBM is often considered
as the evidence of electron or energy transfer. However alternative mechanisms for the
observed decrease of the fluorescence intensity upon GO addition should also
be considered. One possible explanation for the observed quenching of the fluorescence
could be simply the static quenching i.e formation of the unemissive ground state complex

between TMAP*" and GO.
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Figure 67 Normalized emission spectra of TMAP*" without the presence of GO (black)
and with the addition of GO (GO concentration: 0.36 ug mL™) (red)
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Figure 68 The normalized fluorescence excitation spectrum of TMAP*" (Jem=645 nm)
solution recorded with the addition of an aqueous suspension of GO (black),
the normalized absorption spectrum of TMAP*"in the absence of GO (red) and with the
presence of GO (blue)

The TCSPC method was used to conduct the lifetime measurements to get deeper insights
into the emission quenching mechanism. The experiments were conducted to explore the
possibility that the observed fluorescence quenching could be attributed to the interaction
of the excited singlet state of unbound TMAP with GO, also known as dynamic
quenching. Solutions of TMAP, at pH 6.2 and 1.8, at fixed absorbance (ca. 0.1 at the
sample excitation wavelength - Table 10) were prepared. The emission decay profiles
of the samples were monitored in the presence of different concentrations of GO
(Figure 69). The fluorescence lifetime extracted from the fluorescence decay of TMAP*
in the absence of GO was found to be 9.8 ns. No changes in the excited state's decay
kinetics were observed with increasing concentration of GO (Figure 70). For TMAP®*,
the fluorescence lifetime in the absence of GO was found to be 2.7 ns and also remained

unaltered upon addition of GO.

The lack of an observable change in the lifetime of the singlet excited state of free
TMAP*" excludes dynamic quenching by GO. Taking into account all the results
discussed above, it can be stated that the observed decrease in the fluorescence intensity
in the steady-state measurements can be attributed to the static quenching.!!® In summary,

in the ground state an equilibrium exists between two species: fluorescent free TMAP**
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and the non-emissive complex TAMP*/GO in the solution. With increasing
concentration of GO the equilibrium is shifted toward the non-emissive complex, and the
concentration of the unbound TMAP*" decreases, which is manifested by the decrease
in the fluorescence intensity. It is worth emphasizing here that for the studied system,
the decrease in the fluorescence intensity cannot be interpreted directly as an evidence
of the electron or energy transfer. However, the lack of detectable emission of the
TMAP*/GO complex points to the possibility of a very rapid deactivation process of the
excited state of TMAP*" adsorbed on the GO surface, such as an electron or energy

transfer.

Table 10 Excitation and detection wavelengths and fluorescence lifetime of TMAP*" and
TMAP®*

Excitation Detection Fluorescence

wavelength (nm)  wavelength (nm) lifetime (ns)
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Figure 69 The relationship between fluorescence intensities Io/Iy (Ip — fluorescence
intensity without GO, Ir — fluorescence intensity after addition of GO) and GO
concentration (black) and the relationship between fluorescence lifetimes 1o/t
(t0 — fluorescence lifetime without GO, - fluorescence lifetime after addition of GO) and
GO concentration (red) for A) TMAP*" and B) TMAP®*
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Figure 70 TMAP*" fluorescence decay recorded (Jex= 405 nm, Jga=660 nm) in the
absence of GO (black line) and with GO (0.36 ug mL™) (red)

5.2.2.4 Femtosecond TA Spectroscopy

Ultrafast spectroscopy experiments (femtosecond and nanosecond) were performed
on free TMAP* and TMAP*/GO nanohybrid. These measurements were performed
to obtain experimental information on excited state dynamics and to determine whether
the electron transfer process occurs between the photoexcited TMAP*" molecule and the

graphene oxide sheet.

The transient absorption spectra recorded shortly after 420 nm laser pulse excitation
of TMAP*" exhibited the characteristic spectra for singlet excited states of porphyrins
(Figure T1A). The spectrum is characterized by broad and intense absorption around
450-500 nm and a Q-band bleach that match the Q-band position observed for the
ground-state UV-Vis absorption spectra. The spectra underwent only a small decay over
the whole time window of the experiment (3 ns). This observation is in good agreement
with the singlet excited state lifetime obtained independently from the TCSPC technique

(9.8 ns) (see: 5.2.2.2. Steady-state and time-resolved emission).
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Figure 71 Transient absorption spectra registered at various time delays for A) TMAP**
(2.7 uM) and B) TMAP*"/GO (TMAP*" concentration 0.3 uM) in water (pH 6.2) after

laser excitation at 420 nm

Upon the addition of GO to the TMAP*" solution, TA shows new spectral characteristics
(Figure 7T1B). The presence of scattered light by GO influenced the signal-to-noise ratio.
The TA spectrum differs from the singlet excited state spectrum of the free TMAP*"
molecule. New bands, observed in the range of 650 to 800 nm, were assigned to the
porphyrin cation radical 313> The radical cation detection provides proof for

photoinduced electron transfer from the porphyrin molecule to the GO sheet surface.

The radical cation of TMAP*" was detected within the instrument's temporal resolution
(80 fs), indicating that the ET from the cationic porphyrin to GO is very fast. Such a fast
ET can only be possible when TMAP*" and GO are in very close contact before excitation.
Figure 72 shows the analysis of the TA kinetics collected for free TMAP*" and TMAP*
adsorbed onto GO. Kinetic traces were collected at 755 nm, that is, at the wavelength
at which maximum absorbance of the porphyrin radical cation was observed for the
TMAP*/GO nanohybrid. A significant difference was noticed between the two
investigated samples. The kinetic profile of the nanohybrid shows very fast decay
dynamics (double exponential decay) compared with no decay of the excited state of free
porphyrin on the same time scale of 100 ps. The time constants extracted from the decay
of the TMAP* radical cation are 0.4 ps and 12 ps. The fast decay of the TMAP*" radical
cation signal can be attributed to efficient back electron transfer and recovery of the

ground state complex.
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Figure 72 Transient absorption decays recorded at 755 nm for the TMAP*" (black) and
TMAP**/GO nanohybrid (red) after 420 nm excitation in water under neutral conditions
(pH 6.2)

5.2.2.5 Nanosecond TA Spectroscopy

To reveal whether the interaction between TMAP*" and GO is also effective in the triplet
state, nanosecond transient absorption experiments were conducted. The nanosecond
transient absorption spectra registered for TMAP*" in the absence and presence of GO
after laser excitation at 532 nm are shown in Figure 73. Upon laser excitation at 532 nm,
the excitation of TMAP*' takes place rather than GO due to the latter's negligible
absorbance at that wavelength. TMAP*" exhibited strong bleaching of the ground state
at 410 nm, which was perfectly in line with the position of the porphyrin absorption
spectra. Triplet-state absorption was observed with the maximum at 450 nm. The transient
spectra exhibited no evolution during the decay of the triplet. For TMAP*', the triplet
excited state band decayed simultaneously with the ground state bleach recovery. No new
bands were observed, indicating that the excited state of TMAP*" returned to the ground
state. The concentration of GO used was such that free porphyrin remained present in the
solution. At a higher concentration of GO, the formation of the triplet state of TMAP*
was fully diminished. That can be explained by the very fast electron transfer process
from the singlet excited state which prevents intersystem crossing and as consequence

suppresses the triple state population.
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Figure 73 Transient absorption spectra obtained during laser flash photolysis
(Aex=532 nm) of deoxygenated solutions of TMAP*" (black) and TMAP*" in the presence
of GO (0.3 ug mL™) (red); time delay after flash: 100 ns

Figure 74 shows normalized recovery profiles of bleach monitored at 410 nm for the
TMAP* and TMAP*/GO nanohybrid. The triplet lifetime of the porphyrin molecule was
obtained from a monoexponential fit (1.6 ps) and did not change with the addition of GO.
Therefore, it can be deduced that the triplet state of TMAP*" does not interact with GO.
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Figure 74 Normalized recovery profiles of the bleach monitored at 410 nm for TMAP**
with no presence of GO (black) and TMAP*" with the presence of GO (concentration
of GO: 0.3 ug mL™) (red)

5.2.2.6 Discussion of possible deactivation pathways of the excited state

To sum up, all the results obtained regarding the TMAP*" molecule and its interaction
with graphene oxide, Scheme 70 can be employed. The TMAP*"/GO nanohybrid was
obtained by simply mixing solutions of the two components. Upon adding GO to the
porphyrin solution, the Soret band disappears, and a new band at higher wavelengths
appears. This new band can be attributed to the absorption of light by a porphyrin
molecule that is adsorbed non-covalently onto the surface of the graphene oxide sheet.

(see: 5.2.2.1 Steady-state absorption properties)

TMAP+ GO ———— (TMAP-GO)

« !

*(TMAP)? <—— *(TMAP)! *(TMAP-GO)! ->€—> *(TMAP-GO)?

[TMAP-—-GO] TMAP [TMAP—GO] (TMAP-GO) [TMAP*--GO']

ET ET

[TMAP*--GO'] [TMAP*---GO']

Scheme 10 Possible deactivation paths of the excited states of free TMAP and nanohybrid
TMAP/GO discussed in the text (FI— fluorescence, ET - electron transfer)

The interaction between porphyrin in the singlet excited state and GO was analyzed
by emission measurements, both steady-state and time-resolved (see: 5.2.2.2. Steady-
state and time-resolved emission). Scheme 10 presents possible deactivation paths
of the excited states of the free porphyrin molecule and the TMAP*/GO nanohybrid.
Based on the obtained results it can also be stated that the fluorescence of the porphyrin
is quenched by GO solely by the static quenching mechanism. Dynamic quenching of the
excited state was excluded based on TCSPC measurements in which no shortening of the

fluorescence lifetime of the TMAP*" after the addition of GO was monitored

Interestingly, no detectable fluorescence of the excited state of the nanohybrid was

observed, indicating the presence of another rapid deactivation process. The emission
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of TMAP*" adsorbed onto the GO surface is expected to occur in a different wavelength
range than that of the unbound TMAP*" molecule. It is due to changes in the ground state
electronic structure of the porphyrin bound to the surface of the graphene oxide sheet.
Moreover, no additional fluorescence decay time was detected in the TCSPC
measurement that could be attributed to the decay of the singlet excited state of the
porphyrin in the nanohybrid. Ultrafast time-resolved transient absorption spectroscopy
confirmed the occurrence of the very fast deactivation process - electron transfer from the
photoexcited TMAP*" singlet state to GO sheets, as proven by the formation
of a porphyrin radical cation. (see: 5.2.2.4 Femtosecond TA Spectroscopy)

5.2.2.7 Summary

This work has proven that cationic porphyrin molecules can be efficiently assembled onto
the surfaces of graphene oxide sheets forming stable complexes. During the process
of assembly, it is the electrostatic attraction that plays an essential role and n-m stacking
cooperative interaction can only further promote the adsorption process of porphyrin.
It was shown that stronger interaction with GO occurs for TMAP*' than for TMAP®*
where it is largely suppressed. This can be rationalized in terms of: a) a distortion of the
planarity of the porphyrin macrocycle upon protonation, b) a decrease of the Columbic
interaction due to protonation of the carboxylic groups in GO, c) aggregation of the GO
under acidic conditions. The non-covalent functionalization of GO with cationic
porphyrin at pH 6.2 was confirmed by FTIR, Raman spectroscopy, thermogravimetric
analysis (TGA), atomic forces (AFM), and elemental analysis. The nanohybrids were
subjected to detailed spectroscopic characterization with several methods to probe the
ground state as well as the excited state interaction between the components of the new
material. It was found that the formation of TMAP*/GO hybrids changes porphyrin
ground state electronic structure which was manifested among others by the shifts of the
Soret band from 411 nm to 421 nm. Moreover, it was evidenced that the ground state
interaction between TMAP*" and GO causes static quenching of the porphyrin emission.
Surprisingly, fluorescence is not detected for the nanohybrid which indicates that a very
fast deactivation process must take place. Ultrafast time-resolved transient absorption
spectroscopy clearly demonstrates the occurrence of electron transfer from the
photoexcited TMAP*" singlet state to GO sheets, as proven by the formation

of a porphyrin radical cation. These results are relevant to the use of such systems
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in developing energy conversion assemblies if undesired back electron transfer could

be suppressed.

5.3 Neutral porphyrins

5.3.1 TAPP

In this study, 5,10,15,20-tetra(4-aminophenyl)porphyrin (TAPP) was chosen
as a representative example of a neutral meso-tetra phenyl-substituted porphyrin.
The TAPP has four substituents: the aminophenyl group in the outer position.
The molecular structure of TAPP is depicted in Figure 10. Although this porphyrin
is described in the literature as a water-soluble, in fact, its water solubility is limited
to acidic pH (pH < 3). For this reason, the ethanol-water mixture was used as a solvent

throughout the study.

Despite the recent advancements in the field of porphyrin/graphene nanoassemblies, there
are only a few isolated reports that provide comprehensive characterization of the
interaction between one porphyrin and various graphene-based materials. 6%75-78-8393.105
In this part of the thesis, the focus was on comparison the strength of the interaction
of neutral porphyrin with two types of graphene-based materials (GO and rGO) and
investigating the spectroscopic properties of the obtained nanohybrid materials. Therefore
two new nanohybrids of TAPP porphyrin with GO and rGO were prepared and
characterized. The synthesis of the nanohybrids was carried out through non-covalent
interactions between the graphene-based material and porphyrin dyes. Two newly
prepared non-covalent nanohybrids, TAPP/GO and TAPP/rGO, were characterized

by a number of techniques including elemental analysis, FT-IR, TGA, absorption, and

emission spectroscopy.

5.3.1.1 Steady-state absorption properties

The interesting feature that attracts to this porphyrin is that the overall charge of the TAPP
molecule changes between neutral and positive +2 or +6 depending on the pH of the
solution (Scheme 11). Each of the porphyrin forms has characteristic absorption spectra
that are also reflected in a different colour of their solutions. TAPP at neutral pH does not

possess a charge. The UV-Vis spectrum obtained for TAPP at pH=7.0 shows a Soret band
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with a maximum at ca. 424 nm and four less intense Q-bands at ca. 521, 563, 591, and

654 nm (Figure 75).

5200
4 -
8.0x10 = 3900-
o
S 2600
' 4 | N
c 6.0x10 © 13004
o
) 01— T T
= 40x10- 500 600 700
o Wavelength, nm

0.0

400 500 600 700 800
Wavelength, nm

Figure 75 UV-Vis absorption spectrum of the ethanol-water (1:2 v/v) TAPP solution,
pH=7.0. (Inset: Q-band region of the same spectrum)

However, the protonation of imino nitrogens increases the overall charge to +2
(TAPPH>?"). The diprotonation of the porphyrin molecule is associated with Soret band
splitting (381 and 462 nm), in accordance with the presence of the conjugated amino
group'>>13¢ (Scheme 11, Table 11). The Q-band (654 nm) broadened, and red-shifted
to 749 nm. The other three Q-bands disappeared under acidic conditions
(Table 11, Figure 76). A theoretical calculations predicted this observations.!>’
The observed substantial bathochromic shift of the Q-band, accompanied
by an intensified signal in the acidic solution, can be attributed to a charge transfer
phenomenon occurring between the aminophenyl groups and the porphyrin core.
Upon acidification, a comparable trend in behavior was observed for the TAPP porphyrin
when dissolved in dimethyl sulfoxide (DMSO) as the solvent.'>® Gacka et al. reported
similar effect of the pH-on the UV-Vis spectra for meso- (hydroxyphenyl)porphyrin
(TPPH).”® The observed changes in the spectra between neutral TPPH and protonated
TPPH?" were explainedby theoretical calculations that predicted that the highest occupied
molecular orbital (HOMO)—lowest unoccupied molecular orbital (LUMO) excitation

in TPPH?" has a charge-transfer character.
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Table 11 UV-Vis absorption band positions for different forms of 5,10,15,20-tatra(4-
aminophenyl) porphyrin: TAPP, TAPPH»?" and TAPP*'H,*"

Porphyrin form pH Band positions (nm)
Q-bands

TAPP 5.3< 424 521, 563, 591, 654
TAPPH2** 2.0-5.3 381, 462 749
TAPP+H2** <2.0 435 649

Further acidification introduces a positive charge on the four -NH> groups in the

Soret

substituent leading to the overall increase of the porphyrin charge to +6 (TAPP*'H2*").
It is worth mentioning that changes from neutral to cationic form increase the solubility

of TAPP in water.

Spectrophotometric TAPP titration was used to determine the acid dissociation constants
(pKa) at pH < 7. The first changes in the spectra after acid addition are attributed to the
attachment of two protons to imino nitrogen and the pKa, of this transition was found
to be 5.3 Further acid addition causes protonation of the -NH> group and the pK, of these
groups in TAPP was determined to be around 2.0. In this pH range, the aggregation

of GO is observed (see: 5.1 Characteristics of 2D materials used in work).

Scheme 11 Molecular structure and ionic equilibria of 5,10,15,20-tetra(4-aminophenyl)
porphyrin.  pK,” values  were  determined  experimentally.  Photographs
of ethanol-water (1:2 v/v) solutions of> A) TAPP, B) TAPPH>"*, and C) TAPP*"H»**
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Figure 76 Absorption spectra of 17 uM TAPP solution in ethanol-water (1:2 v/v) during
acid-base titration in the range of pH values A) from 6.3 to 4.2 and B) from 3.5 to 2.9
(B). C) Absorption spectra of 17 uM TAPP solution in ethanol-water (1:2 v/v) pH equal
to 9.0 (black), 4.0 (blue) and 1.0 (red)

In this phase of the project, our main objective was to compare the strength
of the n-m interactions between TAPP molecules and two GBM materials. To ensure
a focused analysis without complications arising from electrostatic interactions, the
neutral pH environment was selected. A. This choice was based on the pK. values,

indicating that the porphyrin exists in its neutral form at neutral pH.
Titration of porphyrin solution with GBM (GO or rGO)

The TAPP samples were titrated with 0.4 mg mL~! of GO/rGO dispersion and UV-Vis
spectra were recorded after each addition of GO/rGO (Figure 77).
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Figure 77 Absorption spectra recorded during the process of titration of 3 mL
of A) ethanol-water (1:2 v/v, pH 7.0) solution of TAPP (7.8 uM) with 0.4 mg mL™" of GO
dispersion (0- 13 ug mL™), B) A ethanol-water (1:2 v/v, pH 7) solution of TAPP (8.1 M)
with 0.4 mg mL™ of rGO dispersion (0- 18 ug mL™). The spectra are corrected for the
GO/rGO absorption

When the GO concentration was increased, the disappearance of the Soret band
at 424 nm was observed (Figure 77A). Simultaneously, the intensity of the new Soret
band ca. 456 nm was increasing. In the case of TAPP/rGO nanohybrids the new band was
observed at 451 nm (Figure 77B). The newly observed bands can be attributed to the
Soret band of a porphyrin molecule adsorbed onto the surface of the GBM sheet through
non-covalent interactions. After titration of the TAPP solution with the GO/rGO
suspension fallowing spectral changes were observed: red-shift of the Soret band, three
of the four Q-bands disappeared, and the fourth band was red-shifted (750 nm) and
broadened. One can notice that the Soret bands of the TAPP/GO and TAPP/rGO exhibit
a significant red-shift of 32 nm and 27 nm, respectively This effect may arise from the
flattening of the porphyrin molecule upon interaction with the surface of GO.
The hypothesis of the flattening of the porphyrin when adsorbed on the GO/rGO sheet
is supported by theoretical calculations (vide infra) that predict the dihedral angle between
the phenyl and porphyrin planes decrease upon complexation with GO/rGO.
An isosbestic point was also observed, confirming the apparent transition of free

porphyrin into porphyrin adsorbed on the graphene oxide sheets (Figure 77, Table 12).
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Table 12 Absorption properties of the free TAPP and TAPP adsorbed on GO and rGO
(pH=7.0)

Soret band (nm) Q-bands (nm) Isobestic point

(nm)

Free TAPP 424 521, 563, 591, 654
TAPP/GO 456 750 437
TAPP/rGO 451 750 439

To compare the strength of the interaction of TAPP molecules with two different
graphene materials (GO and rGO) the increase of the absorbance of the Soret band (after
subtracting the GO/rGO absorbance) of the porphyrins adsorbed on GO or rGO
as a function of their concentration was investigated. The molar absorption coefficients
of TAPP adsorbed on GO and rGO are very similar and approximately half that of free
TAPP with a slight broadening of the band (Figure 78).
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Figure 78 Comparison of the absorption spectra of free TAPP (black), TAPP adsorbed
on GO (red), TAPP adsorbed on rGO (blue) (ethanol-water 1:2 v/v, pH 7.0)

Therefore, the increase in the absorbance is directly related to the concentration of the
porphyrin molecules adsorbed on the GO/rGO sheets. The Soret band absorbance of the
TAPP adsorbed on the GO/rGO surface increases linearly with the GO or rGO
concentrations for both nanohybrids (Figure 79). The slope of the linear regression of the

change in TAPP absorbance versus the concentration of graphene material is five times
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higher for rGO than for GO. On the basis of this analysis, it can be concluded that
porphyrin interacts more strongly with rGO.
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Figure 79 Dependence of the absorbance at 451 nm (black) and 456 nm (red) of TAPP

as a function of the concentration of rGO and GO, respectively

Titration of the aqueous GO/rGO solution with the porphyrin solution was used
to estimate the maximum amount of the porphyrin that can be adsorbed to the surface

of GO and rGO (Figure 80).
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Figure 80 Absorption spectra recorded during the addition of an ethanol-water (1:2 v/v)

solution of TAPP to A) 100 ug mL~" GO in H>O (3 mL) and B) 13 ug mL™~ rGO in H>O
(3 mL)

To the GO solution with a fixed concentration, different amounts of porphyrin solution

were gradually added. A similar experiment was conducted for rGO. As the concentration
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of TAPP increased, a corresponding rise in the absorbance of the Soret band, associated
with free porphyrin, was observed. The maximum amount of TAPP in TAPP/GO
is slightly above 12% (% w/w), while nearly 30% (% w/w) of TAPP can be adsorbed onto
the surface of rGO (7able 13).

Table 13 Porphyrin content in the TAPP/GO and TAPP/rGO nanohybrid
SAMPLE Porphyrin content in the nanohybrid

mg of porphyrin/1 mg
of GO or rGO

TAPP/GO 0.14 mg 12.3%
TAPP/rGO 0.43 mg 30.0%

% of weight

The newly obtained TAPP/GO and TAPP/rGO materials were isolated by a centrifugation
experiment controlled by absorption spectroscopy. The UV—Vis spectra of the suspension

of the nanohybrids before and after centrifugation are shown in Figure 81.
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Figure 81 UV-Vis spectra of (A) free TAPP (black), TAPP after adding GO (red),
and the supernatant after centrifugation (blue); (B) free TAPP (black), TAPP after adding
rGO (red), and the supernatant after centrifugation (blue)

Based on the minor peak attributed to porphyrin in the UV—Vis of the supernatant,
it can be concluded that almost the entire nanohybrid was collected as a precipitate. Based
on the results, we can conclude that the interactions between GO or rGO and TAPP
porphyrin are sufficiently strong to enable the formation of isolated TAPP/GO and

TAPP/rGO nanohybrids, despite the absence of coulombic attraction between the neutral
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TAPP and negatively charged GO

(see: 2.1.1 Graphene oxide and reduced graphene oxide).

5.3.1.2 Steady-state and time-resolved emission

To investigate interactions of the excited state of the porphyrin molecules with graphene
oxide, photoluminescence spectroscopy was applied. The emission spectrum of the TAPP
has one broad band centered at 675 nm. As discussed previously, the absorption spectrum
of TAPP changes significantly upon the addition of a GO or rGO solution. For reliable
data analysis, solutions were excited at isosbestic points (7able 12). It ensures the
constant absorbance of the porphyrin at the excitation wavelength during the entire
quenching experiment. Moreover, the emission data were corrected for inner filter effects
I and II. Figure 82A shows the emission spectra for several porphyrin/GO hybrids (with
varying amounts of GO). An analogous experiment was carried out for rGO
(Figure 82B). The addition of GO or rGO results in a decrease in the fluorescence
intensities of porphyrin. The relationships between fluorescence intensity and GO/rGO
concentration for TAPP are presented in Figure 83. The fluorescence of TAPP was
quenched more efficiently by rGO. The calculated quenching efficiencies for
a concentration of 1.25 ug mL ™! of graphene-based material were approximately 17% for

GO and significantly higher at 83% for rGO.
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Figure 82 Quenching of the fluorescence of the ethanol-water (1:2 v/v) solution of TAPP

(pH 7.0) recorded during the addition of A) an aqueous suspension of 0.30 mg mL™' GO
(GO concentration: 0-8.0 ug mL™), Jex= 431 nm; B) an aqueous suspension of 0.88 mg
mL' rGO (rGO concentration: 0-1.5 ug mL™), Jex= 438 nm
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Figure 83 A) Quenching of the fluorescence of 2.0 uM TAPP (black) recorded after the
addition of 1.25 ug mL™! of an aqueous suspension of GO (red) and rGO (blue).
The spectra were corrected for the inner filter effect. B) Relationship between
Sfluorescence intensity 1o/l (1o — Iy without GO/rGO, I — Ir after the addition of GO/rGO)
and GO (red) /rGO (black) concentration for TAPP

The lower quenching efficiency of GO provides further evidence of a weaker interaction
between TAPP and GO compared to that with rGO. Relying solely on the steady-state
emission measurements in the presence of a graphene-based material does not sufficiently
capture the information needed to adequately describe the quenching mechanism
(see: 4.3.1 Static and dynamic quenching) Therefore the time-correlated single-photon
counting technique was applied to further determine the mechanism of the emission

quenching.

When the time-correlated single-photon counting technique was applied, it was found that
the emission decay profiles of TAPP did not change upon the addition of either GO
or rGO (Figure 84). The fluorescence lifetime of the free TAPP was found to be equal
to 5.7 ns and did not shorten with the addition of GO or rGO. Based on the analysis
of the steady-state and time-resolved emission data, it can be concluded that the observed
decrease in the emission intensity after the addition of graphene materials to the TAPP
solution is solely attributed to static quenching. Static quenching as the reason for the
observed decrease in the fluorescence of porphyrins in the presence of graphene-type

materials has previously been reported by related systems.”*3%158
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Figure 84 Decay of (A) TAPP fluorescence recorded in the absence (black) and presence
(red) of GO (2.7 ug mL™); dex= 440 nm, Jem= 672 nm, (B) TAPP fluorescence recorded
in the absence (black) and presence (red) of rGO (2.7 ug mL™); de= 440 nm,
Jem= 672 nm

5.3.1.3 Photoelectrochemical measurements for the TAPP/GO
nanohybrid

Photocurrent measurements can provide evidence for photoinduced charge separation
in a TAPP/GO nanohybrid. Figure 85 shows the photoelectric response of the SnO,-FTO
electrodes covered with: GO and TAPP/GO.
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Figure 85 Transient photocurrent in time for the TAPP/GO hybrid under white
illumination (electrolyte: 0.1M Lil in acetonitrile). The red line shows the photocurrent

generated by GO
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The measurement was conducted for the sample with GO for comparison with analogous
hybrids of cationic porphyrins: TMPyP/GO and ZnTMPyP/GO. The conditions of the
experiment were preserved. The irradiation was switched on and off in 30 second periods,
which allowed the light and dark responses of the electrodes to be measured.
The photocurrent response of GO was negligible.

An obvious photocurrent response for the electrode was observed for electrodes covered
with TAPP/GO. Both experiments were conducted under similar conditions. The increase
in photocurrent provides evidence for the photoinduced charge transfer in the studied
nanohybrid material. The photocurrent response for TAPP/GO reached nearly 2 pA.
The higher photocurrent response compared to pure GO might be attributed
to electron-hole separation. However, the obtained photocurrent was almost 4 times lower
than for TMPyP*/GO and 8 times lower than for ZnTMPyP*". This suggests that
electron-hole separation in TAPP/GO is much less efficient than graphene oxide hybrids

with cationic porphyrins.

5.3.1.4 Theoretical Calculations

Detailed insights into the electronic structures of the TAPP/GO and TAPP/rGO
nanohybrids, as well as the tracking of structural changes occurring during their formation
process, were facilitated by a series of quantum chemical calculations conducted
by prof. Adam Kubas from the Institute of Physical Chemistry, Polish Academy
of Sciences. Both GO and rGO induce similar structural changes in the TAPP molecules.
The presence of GO or rGO leads to a more planar structure of the adsorbed porphyrin
molecule, as evidenced by a reduction in the dihedral angle that describes the tilt of the
phenyl rings relative to the plane. It is approximately 60° for the isolated porphyrin and
about 49° for the TAPP/GO and TAPP/GO nanohybrids.

The calculated binding energies of TAPP to the GO and rGO systems were strongly
negative and equal to -24.4 and -36.7 kcal mol~!, respectively (Table 14).

It is clear that TAPP tends to form a more stable complex with rGO. Furthermore,
a decomposition of the binding energies was performed, separating the contributions
arising from the deformation energies of the monomers (Egeform) and the interactions

between the deformed substrates (Ein), as outlined in Scheme 12.
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Table 14 Binding energy related to nanohybrid formation and its decomposition

according to the scheme presented (Scheme 12). All values are expressed

in keal mol' 7

Nanohybrid Ebind [ EPOTPh Eint

deform deform
TAPP/GO -24.4 18.4 7.3 -50.1
TAPP/rGO -36.7 8.5 59 -51.1

The energy of rGO deformation wupon nanohybrid formation was found

to be approximately 10 kcal mol~! lower than that of GO. The interaction energy is higher
for rGO, presumably because of the enhanced n-n stacking interactions. A higher degree
of orbital mixing can be expected, which should manifest itself in the density of the

excited state.

% Nanohybrid geometry
LE ___________________________________________________
graphene porph
deform deform
Eint
GO/RGO TAPP
monomer geometry Ebind
Nanohybrid

Scheme 12 The binding energy (Epinag) decomposition scheme used to break down the

energetic effect of nanohybrid formation into three energetic components: geometric

deformation of the substrates (Egerjffr’;zne and Eg:;grm), as well as interaction energy

of the deformed substrates (Ein)

Experimental UV-Vis spectra were compared with the computed UV-Vis spectra.
The Soret band shifts upon porphyrin adsorption on the GO/rGO sheet are well replicated
in the calculations. The final nanohybrid spectrum of TAPP/GO can be relatively easily
decomposed into a contribution from GO and TAPP. This is not the case for rGO, where

the spectrum changes significantly upon complexation. Theoretical calculations
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identified the five key transitions for each computed spectrum and traced their presence

in the experimental spectral curves.'>’

5.3.1.5 Summary

Two non-covalent hybrids of TAPP porphyrin with two types of graphene-based
materials (GO and rGO) were successfully synthesized. The TAPP/GO and TAPP/rGO
nanohybrids were extensively characterized using various spectroscopic techniques.
The conducted investigations revealed that both nanohybrids exhibit similar
photophysical properties. However, TAPP/rGO exhibited a higher porphyrin content
compared to TAPP/GO. These findings suggest that TAPP exhibits a stronger affinity
towards rGO. Theoretical calculations carried out also strongly support this conclusions.
The presence of both GO and rGO induces similar structural changes in the TAPP
molecules. However, the calculated binding energies of TAPP to the GO and rGO systems
were more negative for the latter graphene-based material. These results indicate that
TAPP has a stronger tendency to form a stable complex with rGO. This can be attributed
to the partially restored aromatic structure of rGO, which enables a stronger m-m
interaction with the TAPP molecules. This section of the thesis demonstrates that the
strength of the interaction between the porphyrin and GBM can be influenced not only

by adjusting the structure of the porphyrin but also by modifying the GBM.

By conducting photoelectrochemical measurements on TAPP/GO, a comparison was
made with other GO hybrids with cationic porphyrins. The acquired data strongly indicate
the occurrence of photoinduced charge transfer in the studied nanohybrid material.
However, in TAPP/GO, the efficiency of electron-hole separation is considerably lower
compared to graphene oxide hybrids with cationic porphyrins such as TMPyP/GO and
ZnTMPyP/GO.
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5.4 Anionic porphyrins

The third group of meso-porphyrins that were investigated were anionic porphyrins
represented by 5,10,15,20-tetra(4-sulfonatophenyl)porphyrin (TSPP). This research
attempted to determine the interactions between this porphyrin and GO in ground-state
with the ultimate goal of comparing its strength with the other groups of porphyrins,

1.e., cationic (see: 5.2 Cationic porphyrins) and neutral (see: 5.3 Neutral porphyrins).

Since the anionic porphyrin molecules are negatively charged, electronic attraction can
be excluded as a result of the type of interactions between porphyrin and graphene oxide.
The interaction between porphyrin and GO can depend on of n-n stacking and van der

Waals forces, which are much weaker than the columbic interaction.

Furthermore, apart from studying the interaction between TSPP monomers and GO,
efforts have been made to fabricate TSPP nanostructures and utilize them for surface
functionalization of GO. This approach was motivated by the literature report that
well-organized porphyrin nanostructures often exhibit enhanced photocatalytic
performance compared to their monomeric counterparts.'* They are therefore promising
candidates for photocatalysis, photovoltaics, and electronics applications where
photoinduced electron transfer occurs. This is because porphyrin aggregates with clearly
defined molecular arrangement exhibit superior charge separation properties than
monomeric porphyrins. Accordingly, the self-assembly of porphyrins was demonstrated
to be a powerful tool enabling the fabrication of nanostructured materials with tunable
morphologies and properties.'> Moreover, further exciton characterization of porphyrin
self-assembly may serve for a better understanding of aggregates in photosynthetic
organisms. In order to prepare nanohybrids of GO with aggregates of TSPP an attempt
was made to prepare TSPP nanorods. The method used previously for TCPP was
employed'”, namely: the acid-base neutralization-based surfactant-assisted
self-assembly method. The method was modified by elongating the time between the
acid-base neutralization process and the centrifugation. Thus, the nucleation time has

been extended.

It has been demonstrated, that the growth of porphyrin nanoassemblies on an rGO surface
improves the electronic interaction by shortening the interfacial distance between

160

graphene and porphyrin, ™ thereby enhancing in the presence of rGO upon the

photoexcitation of porphyrin nanoassemblies, which eventually generate a photocurrent.
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Recently, Bera et al. demonstrated a composite one-dimensional (1D) nanostructure
of 5,10,15,20-tetra(4-carboxyphenyl)porphyrin (TCPP) and rGO for to improve
photoinduced charge separation.'® They observed a very fast decay of TCPP NR in the
TCPP NR/rGO composite due to the electron transfer process that enhances the
photocurrent under visible light illumination. This study reveals that photoinduced charge
separation of porphyrin nanorods occurs in the presence of rGO. Thus, the growth

of porphyrin aggregates on the rGO surface is interesting for versatile applications.
5.4.1 TSPP

TSPP was selected for this study as a model of anionic meso-tetra phenyl substituted
porphyrin. The molecular structure of TSPP is shown in Figure 10 (4.1 The compounds
used in the doctoral dissertation). The TSPP is a water-soluble porphyrin.'¢
The porphyrin core is substituted with four phenyl sulfonate groups, which, under neutral
conditions, bear a charge of -4. The presence of a negative charge plays a crucial role
in the interaction with charged molecules or materials.'®> Moreover, sulfonic groups have
electron withdrawing effects.!® Modification of pH can change the total charge of the
molecule (Scheme 13). However, it should be kept in mind that it is known that this
porphyrin tends to self-assemble at a pH lower than ~4.6 at 25°C and under ambient
conditions."*” In an aqueous solution, two or more chemical forms of TSPP may exist
in equilibrium, depending on the pH of the solution. At lower pH, due to the protonation
of the two pyrrole nitrogens of the ionic porphyrin the biprotonated form (TSPP* H»?")
predominates, while an increase in pH results in the conversion of the biprotonated form
into the monomeric base form (TSPP*").!% In the pH range of 1.0 — 4.6 TSPP porphyrin
molecules exist as a binary ionic molecule (in some literature reports even
up to 4.8).1%167 The dual nature enables intermolecular attractions between the negative
charges of the peripheral groups and the positively charged porphyrin cores and
is responsible for the observed aggregation of TSPP at acidic pH. Therefore, only TSPP*

is suitable for studies of the interaction of monomeric porphyrin with GO.

TSPPH,2+ s TSPP4H,2* "+ TSPP4
pKa; < 1.0 pka',; =4.6
pKa, =5.2

Scheme 13 Ionic equilibria of TSPP porphyrin. pKa’ values were taken from the

literature'®?
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Most scientific reports on porphyrins and their complexes with graphene-based materials,

50,79,80,108

i.e., GO or rGO, apply to cationic porphyrins. If the report includes anionic

porphyrin, it is focused on its 3D-structure form or aggregates’6:1%143

, rather than on the
monomeric form. This research examined the interaction between the monomeric form
of TSPP and GO sheets. All experiments were carried out at a pH=7.0 to ensure that only
the monomeric form was present. Spectroscopic methods (steady-state absorption and
emission, time-resolved emission), and photoelectrochemical measurements (transient
photocurrent and photovoltage) were used to analyze TSPP and its nanoassemblies with

GO.

5.4.1. Steady-state absorption measurements

The absorption spectrum for free TSPP porphyrin in water, pH=7.0 was measured and
presented in Figure 86. The UV-Vis spectrum exhibits peaks typical for the high
symmetry (D2n) porphyrin group. The main intense band at ca. 413 nm is the characteristic
Soret band, whereas the four less intense bands at ca. 516 nm, 553 nm, 579 nm, and 634
nm are assigned as Q-bands. The Soret band has a weak shoulder at about 396 nm,
corresponding to n—m transition of electrons in the core of the free base.®%
The absorption coefficient was determined spectroscopically using the Beer-Lambert

relationship (see: 4.2 UV-Vis absorption measurements) and is equal

to 5.1 x 10° M~'ecm™" at A =413 nm.
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Figure 86 Absorption spectrum of the aqueous solution of TSPP*, pH=7.0

(inset: Q-band region of the same spectrum)

It is known that the presence of graphene-based materials can have a significant effect

on the UV-Vis spectra of porphyrin.”>#%3133 JV—-Vis spectroscopy was therefore used
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to study the ground-state interaction between both components: GO and TSPP*~ under

pH 7.0 (Figure 87).

The optical absorption spectra of the series TSPP*/GO nanohybrid suspension are shown
in Figure 87. At first sight, there is no clear evidence of any interaction between the GO
and TSPP* molecules in the ground state (Figure 87A). However, upon closer
examination, it becomes evident that a weak interaction exists between these two
chemical moieties, as indicated by the observed changes in UV-Vis absorption.
With increasing concentration of GO, the intensity of the porphyrin Soret band at 413 nm
decreases (the absorbance of the weak shoulder at about 396 nm also decreases) and
a new band at ~435 nm appears (marked by an asterisk) (Figure 87B). It can be seen that
the Soret band of TSPP*/GO exhibited a red-shift (ca. 22 nm). This significant change
in the position of the absorption band can be explained by the flattening of the porphyrin
molecule driven by m-m stacking between the porphyrin moiety and the GO
sheet,”>7480.157.158 Comparison of the literature data on the UV-Vis spectra of the TSPP
aggregates suggest that adsorption of TSPP* to GO occurs in the form of a monomer,
no aggregates are formed. The B-bands attributed to H-aggregates of TSPP* are known
to be much more redshifted ( peaks occur at 422 nm and 490 nm).'%® An isosbestic point
was also observed at 420 nm. However, the observed interaction between porphyrin
molecules and GO is rather weak. This is confirmed by the fact that despite the addition
of a large amount of GO (final GO concentration: 48 ug mL™"), free porphyrin still

remains in an equilibrium with porphyrin adsorbed on the surface of GO.
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Figure 87 Absorption spectra recorded during the process of titration of 3 mL of 1.7 uM
aqueous solution of TSPP* (pH=7.0) with 5.1 mg mL™ of GO dispersion (0 — 48 ug mL™)
A) uncorrected and B) corrected for the GO absorption. The inset shows the same spectra

presented only in the Soret band region
5.4.1.2 Steady-state and time-resolved emission

The interaction of the excited state of TSPP* with the GO sheets was investigated
by emission spectroscopy. Fluorescence measurements require matching of the
absorbances at the excitation wavelength. Excitation at the isosbestic point, that

is, 420 nm, ensured constant absorbance.

The fluorescence emission spectra of the investigated samples are shown in Figure 88.
Upon excitation at 420 nm in the absence of GO (black line), TSPP*~ exhibited a broad
fluorescence band in the range of 625 to 750 nm. As expected, TSPP*~ emission spectra
of the monomeric form of porphyrin were observed with the Q(0,0) and Q(0,1) bands
at 644 nm and ca. 702 nm. The peak ratio (644 to 702 nm) is equal to 2.5 and was kept
constant throughout the titration with the GO experiment. The measured fluorescence
quantum yield equals to 0.062, which is in agreement with the values reported in the
literature. !5

As shown in Figure 88A, the addition of GO causes fluorescence quenching. With
a concentration of GO equals to 0.01 mg mL™!, the intensity of porphyrin fluorescence
was reduced by a half. The most interesting observation from the steady-state emission
experiment was that the Stern-Volmer plot Io/I versus the concentration of the graphene
oxide was not linear. It can be seen that the experimental data could be better fitted if two
concentration regimes were taken into account. For the regime with a lower concentration
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of GO, the rate of  fluorescence quenching was estimated

to be approximately 137.5 mg! mL.

5 10 15 20
Wavelength, nm GO concentration, pg mL™"

Figure 88 A) Quenching of the fluorescence of 0.2 uM TSPP*~ in water recorded during
the addition of an aqueous suspension of 0.14 mg mL~ GO (concentration of GO

in solution 0- 23 ug mL™), Aex= 420 nm; B) Relationship between fluorescence intensity
1o/ (1o — Iy without GO, I — Iy after the addition of GO) and GO concentration for TSPP*

The fluorescence spectrum of TSPP* with a GO concentration of 23 pg mL~! was
normalized and compared to the fluorescence spectrum of TSPP* in the absence of GO
(Figure 89). No changes in the spectrum shape, peaks ratio, or additional peaks were
observed. Therefore is no evidence for the formation of an emissive TSPP*/GO
nanohybrid. The results discussed demonstrate that the observed fluorescence
in Figure 89 originates solely from the free TSPP* in the suspension. The possible
explanation for the lack of  measurable emission from the
TSPP*/GO complex is the existence of a non-radiative process that leads to a very quick
deactivation of the singlet excited state. The recorded decrease in the fluorescence
intensity upon the addition of GO to the TSPP* solution could be attributed to the

dynamic or static quenching (Figure 88A).
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Figure 89 Normalized steady-state fluorescence spectra of TSPP*~ without the addition
of GO (black) and with GO at concentration of 23 ug mL~ (red)

If dynamic quenching is taking place, a decrease in the observed fluorescence lifetime
would be expected. Conversely, this phenomenon is not anticipated in the case of static
quenching. (see: 4.3.1 Static and dynamic quenching) The TCSPC technique was
applied to determine which mechanism is responsible for the observed decrease of the
fluorescence intensity upon the addition of GO. The emission decay profiles of TSPP*
were monitored in the absence and presence of varying concentrations of GO.
The fluorescence lifetime evaluated from the emission decay in the absence of GO was
equal to 9.9 ns (excitation at 440 nm and monitoring at 644 nm) (Figure 90). After the
addition of GO, no detectable change in the kinetic profiles of the excited state was
recorded. One would normally have expected a shortening of the singlet excited state
of unbound TSPP* if the quenching was the result of a dynamic process induced by GO.
There might also be a possibility to see the appearance of a second decay associated with
any fluorescence of the nanohybrid. Neither of these decays was detected during the
TCSPC experiment. Figure 91 presents a comparison of the data obtained from
steady-state and time-resolved emission measurements. With the increase of the GO
concentration up to 23 ug mL™!, increases the Io/I (Ip - Irwithout GO, I - Irafter the addition
of GO). The relationship between fluorescence lifetime and GO concentration remains
unchanged. On the basis of the above time-resolved emission experiments, the possibility

of dynamic quenching of the singlet excited state of free TSPP* by GO can be excluded.
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Figure 90 Decay of the fluorescence of TSPP* (0.3 uM) in water (pH=7.0) recorded
in the absence (red) and presence (green) of GO, prompt (grey); Aex = 420 nm,
Aem = 644 nm
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Figure 91 Relationship between fluorescence intensity Io/[ (Ip - Iy without GO, I - Iy after
addition of GO) and GO concentration for TSPP* (black) and the relationship between
fluorescence lifetime 1o/t (10 - fluorescence lifetime without GO, t - fluorescence lifetime

after addition of GO) and GO concentration for TSPP* (red)

The lack of measurable emission from the TSPP*/GO complex indicates that there
is a possibility of a very rapid deactivation process of the excited state, such as an electron

or energy transfer. This process could be responsible for the quenching of the singlet
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excited state ('S™) of porphyrin in the TSPP*/*GO complex. The free energy of ET was
calculated to probe the possibility of ET from the singlet excited state (!S”) of the
porphyrin to GO. For this purpose, the Rehm-Weller equation was applied. The data used
for the calculations of free energy of the ET process were summarized in Table 15.
The conduction band edge of GO was found to be equal to -0.55 V vs. NHE.'*°
Using values from Table 15, the free energy of the electron transfer from the singlet
excited state of TSPP to GO was estimated to be -0.355 eV. The negative value of the
free energy of ET for TSPP indicates that photoinduced electron transfer could occur
in the TSPP*-/GO system.

Table 15 Zero-zero transitions of the singlet excited state of TSPP, its oxidation

potential, and the driving force of the electron transfer reaction values
Eo-o Eox E*ox

(eV) (V vs. NHE)!%%1¢ (v vs. NHE)
2.03

Porphyrin

TSPP

Based on the negligible overlap of the emission spectra of TSPP* with the absorption
spectra of graphene oxide (Figure 92), energy transfer between the donor-acceptor

compound of the TSPP/GO hybrid is highly unlikely.
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Figure 92 The overlap of the TSPP*~ emission spectrum (red) with the graphene oxide

absorption spectrum (black)
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5.4.1.3 Photoelectrochemical measurements

The experimental support for the photoinduced charge separation mechanism comes from
photocurrent measurements. Figure 93 shows the photoelectric response of the
Sn0,-FTO electrode covered with GO or TSPP*/GO films. The irradiation was switched
on and off in 30-second periods to measure the light and dark current responses. It can
be seen that the photocurrent response of the GO film was relatively small. However,
an obvious photocurrent response was observed for the electrode covered with
TSPP*/GO under similar experimental conditions. This increase in photocurrent
provides evidence for the photo-induced charge transfer in the studied materials.
The produced photocurrent was not constant and decreased nearly in half during those

30 seconds of illumination. However, it was repeatable in three irradiation cycles.
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Figure 93 Transient photocurrent in time for TSPP/GO under white light illumination
(electrolyte: 0.1 M Lil in acetonitrile). The blue line shows the photocurrent generated
by GO alone

The photovoltage response is shown in Figure 94. The build-up of the photovoltage
is rather slow and attains a steady state in about 100 s. The decay of the photovoltage
upon stopping the illumination shows the small loss of accumulated electrons in the
recombination with the redox couple. Such losses have been reported earlier
in photovoltage measurement for FTO/rGO/TMPyP as a working electrode and for

photoelectrochemical cells employing the nanostructured semiconductor films. 5170171
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Figure 94 Photovoltage response SnO>-FTO electrode covered with TSPP/GO film under

white light illumination (electrolyte: 0.5 Lil in a can)
5.4.1.4 Nanostructures of TSPP

J-aggregated porphyrin molecules offer a promising approach in the development
of light-harvesting systems due to their ability to mimic natural light-harvesting
systems.!”>!”> Hasobe et al. have reviewed the supramolecular architecture of porphyrin
with changing size and shape for solar energy conversion.'*® Emerging research has
highlighted the significant impact of porphyrin nanoaggregate shapes, such as spheres,
rods, flakes, and flowers, on photocatalytic properties.®® Rod-shaped assemblies of TCPP
porphyrin exhibit 81% photocatalytic activity (calculated degradation rate of RhB) due
to stronger intermolecular m—m interactions which act as a photosemiconductor due
to coherent electronic delocalization and facilitate the electron transfer process.®
Therefore, considerable research efforts have been recently directed toward
graphene—porphyrin nanoassembly hybrid materials for light-harvesting.?0:76.144

In the preceding paragraphs, the discussion focused on the TSPP*/GO hybrid, featuring
porphyrin in the form of monomers. However, the utilization of well-defined organic
structures of porphyrin holds great promise for applications such as photocatalysis,
photovoltaics, and electronics, where photoinduced electron transfer plays a crucial role.
Therefore, the investigation into the possible formation of functionalized GO with

nanostructured TSPP was undertaken.
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The overall charge and its localization influence the possibility of aggregation of the
TSPP porphyrin. The TSPP has a binary ionic nature that enables intermolecular
attraction between the negative charges of the peripheral groups and the positively
charged porphyrin cores. Therefore, TSPP tends to self-assemble at lower pH.!™* Ata pH
lower than 4.6 the TSPP exist in the TSPP* H>?" form (Scheme 13). Due to protonation
at low pH (that is, at pH < 4.6) the symmetry of the porphyrin increases to Dan and
i1s manifested through a dramatically changed absorption pattern, which shows that the

Soret band is bathochromically shifted.

In general, porphyrins can form two types of aggregates: J-type (edge-to-edge
arrangement) and H-type (face-to-face arrangement)!'®’ (Figure 95). According
to Kasha's exciton theory, J-aggregates are formed when the transition dipole moments
of the monomer molecules are aligned parallel to the line that joins the molecular centers
in the aggregate (‘head-to-tail’). By contrast, in the case of H-aggregates, the transition
dipole moments of the monomer molecules are perpendicular to the line of centres of the
molecules.!” The aggregation occurs during the self-assemble porphyrins nanostructure
formation, which results in a shift of their corresponding UV-Vis and fluorescence
spectrum.'” It is generally accepted that a red-shift in the electronic absorption spectra
relative to that of the monomer is attributed to the formation of J-aggregate, whereas

a blue shift is observed for H-aggregates.

Figure 95 Structural models for (a) H-type and (b) J-type aggregates'®’

While the literature predominantly focuses on reporting J-aggregates in carbocyanine dye

176-178 * there is also a substantial amount of research dedicated

family molecules
to exploring the water-soluble ionic TSPP.!*17417 The aggregation of TSPP can
be induced by decreasing the pH or increasing the ionic strength of the solution, which

can be effectively monitored by observing the variations in absorption peaks
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corresponding to different species. Under certain conditions, which involve very acidic
media and high ionic strength, TSPP has been shown to form highly ordered molecular
aggregates.!®® It has been found that the counterion of inorganic salts, surfactant
assemblies, microemulsions, metal ions, proteins, polypeptides, dendrimers, nucleic
acids, cyclodextrins and myoglobin could promote TSPP aggregation in an acidic

medium.

To fabricate nanohybrids of GO with TSPP aggregates, an initial step involved the
synthesis and characterization of TSPP nanorods. The acid-base neutralization-based
surfactant-assisted self-assembly method was used. The method was adapted from the
previously reported synthesis of TCPP nanostructures.'>® Nevertheless, the modification
involved elongating the duration between the acid-base neutralization process and
centrifugation, thereby extending the nucleation time. In brief, the 4 mg of TSPP powder
was dissolved in 0.5 mL of NaOH water solution (0.2 M). In the alkaline solution,
porphyrin molecules form an anion TSPP* (Blad! Nie mozna odnalezé Zrodla
odwolania.), forming a homogeneous red solution. Subsequently, the TSPP*" solution
was rapidly added to the previously prepared cetrimonium bromide (CTAB) solution,
which is a cationic surfactant (0.036 g in 9.5 mL of water with the addition of 0.085 mL
of conc. hydrochloric acid). An immediate colour change was observed. Subsequently,
the solution was stirred vigorously for 25 minutes and then centrifuged (10000 rpm, 10
min). The sediment was washed with water and centrifuged once again (10000 rpm, 10
min) (Blad! Nie mozna odnalez¢ zrédla odwolania.). Detailed synthesis conditions for

each batch are summarized in Table 16.

A useful method for determining the morphology of the obtained structure was
transmission electron microscopy. The TEM images were taken after each synthesis
batch. Samples for TEM measurements were prepared by adding the minimum amount

of water to the precipitate after a second centrifugation, without prior drying.

141



TSPPin NaOH

~ SUPERNATANT
-
o & _
Vigorouslystirred aging Centrifuging
‘ . " 10000rpm, 10min
. —
CTAB inwater v
) PRECIPITATE

1) washed withwater
2) Centrifuged (10000rpm, 10min)

PRECIPITATE + : * SUPERNATANT

Scheme 14 Schematic illustration of the acid-base neutralization-based

surfactant-assisted self-assembly method for the TSPP nanorod synthesis process

Table 16 Detailed synthesis conditions for each sample of TSPP nanostructures

Stirring time Ageing time TEM Figure

(minutes) (hours)

7.0 10 19 Figure 96
7.0 60 19 Figure 97
7.0 90 19 Figure 98

In all three cases, the final pH after mixing TSPP solution with CTAB solutions was 7.0.
Their synthesis process differs in stirring time, which was 10, 60 or 90 minutes
(Table 16). TEM analysis confirmed that the nanostructures obtained using the procedure
described in sample 1 were rod-shaped (see: Figure 96). However, these rod-shaped
structures exhibited a tendency to cluster together. Prolonging the stirring time
to 60 minutes led to the formation of extensive flat structures (Figure 97). After

90 minutes of stirring, the structures were short and dense (Figure 98).
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Figure 97 TEM images of sample 2
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Figure 98 TEM images of sample 3

With no doubt, the longest and most rod-shaped structures were obtained when the
stirring time was 10 minutes and the sample was left overnight before centrifugation.
The experiment was repeated to verify the method's repeatability. Figure 99 shows the
TEM images of the structures obtained in two independent batches of synthesis (the same
pH, and stirring time). It can be observed that the TSPP structures obtained from the first
process are much longer. Therefore, the method and process conditions were
re-examined. The variations in the lengths of the obtained nanostructures may
be attributed to temperature differences among individual synthesis batches. To check the
influence of temperature, the process was repeated for three different temperatures: 4°C,
22°C and 50°C. Temperatures were maintained throughout the ageing process. The TEM
images of the structures obtained under these three temperature conditions are presented
in Figure 100A-Figure 102A. In all three cases, the formation of structures were
observed. However, at lower temperatures, these structures appeared shorter and less
regular. The structures obtained in the individual batches were repetitive, which
is confirmed by the UV-Vis spectra (Figure 100B- Figure 102B). TEM images of TSPP
structures (sample 1 procedure) obtained at 50 °C showed formation of a rod-shaped
structures. The average length of the structures is about 250-300 nm (up to 500 nm) with

a diameter of about 35 nm.
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Figure 99 TEM images of rod-shaped structures of TSPP obtained in two separate
synthesis processes (sample I conditions;, pH=7.0, stirring time: 10 minutes, sample was

left over the night after centrifuging): A,B) first batch and C,D) second batch
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Figure 100 A) TEM images of the TSPP nanostructures synthesized under temperature
conditions: 4°C and B) the UV-Vis spectrum of their solution in THF
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Figure 101 A) TEM images of TSPP nanostructures synthesized under temperature
conditions: 22°C and B) UV-Vis spectra of two independent prepared samples in THF
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Figure 102 A) TEM images of TSPP nanostructures synthesized under temperature
conditions: 50°C and B) UV-Vis spectra of two independently prepared samples in THF

Figure 103 shows the absorption spectra of the obtained TSPP nanostructures in THF.
It has two strong bands in the Soret region at 420 and 493 nm which is in agreement with
previous reports for TSPP nanostructures.'” The 421 nm transition is due to the
non-aggregated porphyrin and the red-shifted maximum (at 493 nm) is due to the presence
of aggregated form. A red-shift in the electronic absorption spectra relatively to that

of the monomer is a proof of J-aggregate. The head-to-tail alignment might be typical
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molecular arrangements for the structure defining a J-aggregate leading to a red-shifted
absorption band. In addition, a very intense band above 700 nm is observed. The UV-Vis
spectra of the TSPP nanostructures in THF do not change after 1 h pointing to the stability

of the nanostructures in THF.
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Figure 103 Absorption spectra of obtained TSPP nanostructures in THF. The red lines
show the spectra recorded after 1 hour and the dotted line shows the absorption spectrum

of the molecular form TSPP*~ for comparison

To check the possibility of depositing the obtained TSPP nanostructures on the surface
of GO, a titration process was carried out. The 3 mL of THF solution of the obtained
TSPP structures placed in a quartz cuvette with a 10 mm light path was titrated with
0.2 mg mL~! of GO solution in THF. In Figure 104 are shown the optical absorption
spectra recorded during the titration process. The intensity of the band at 420 nm
increased with a simultaneous decrease in the intensity of the band at 493 nm.
The positions of B-bands agree with the literature of the TSPP monomer.!® The intensity
of the band above 700 nm also decreased. It can be concluded that the addition of GO
to the porphyrin-structure solution causes the destabilization of TSPP structures.

Taking the above into consideration further research on the assemblies of TSPP

nanostructures with GO was not continued.
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Figure 104 Absorption spectra recorded during the titration process of 3 mL of THF
solution of TSPP-structures with 0.2 mg mL™ of GO dispersion in THF (0 — 8 ug mL™)

uncorrected for the GO absorption

5.4.1.5 Summary

The TSPP porphyrin, in its TSPP* form, was chosen as a representative model of anionic
meso-tetra phenyl substituted porphyrin for the purpose of later comparison with other
porphyrin groups (such as cationic and anionic). Its interaction with GO was investigated
by steady-state absorption and emission (both steady-state and time-resolved).
The measurements carried out indicate that the interaction between TSPP* and GO
is largely suppressed in comparison to neutral and cationic porphyrin. The interaction
of the excited state of TSPP* with the GO sheets was investigated by emission
spectroscopy. The addition of GO causes fluorescence quenching which was attributed
to the static mechanism. They are characterized by different quenching rates. Moreover,
experimental support for the photoinduced charge separation mechanism comes from
complementary photocurrent measurements. The increase in the photocurrent provides

evidence for the photo-induced charge transfer in the studied materials.

In an effort to prepare nanohybrids of GO with TSPP aggregates, a synthesis and
characterization process for TSPP nanorods was pursued using an acid-base
neutralization-based surfactant-assisted self-assembly method. The thermal conditions
of the synthesis were refined and rod-shaped structures were obtained. The average length

of these structures ranged from approximately 250-300 nm (up to 500 nm) with a diameter
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of about 35 nm. Unfortunately, the addition of GO to the porphyrin-structure solution
causes destabilization of TSPP structures which resulted in the restoration of the TSPP

in the monomeric form.
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6. Conclusive summary

In this doctoral thesis, seven newly developed nanohybrids were investigated:
TMPyP* /GO, ZnTMPyP*"/GO, TMAP*'/GO, TMAP®*/GO, TAPP/GO, TAPP/rGO, and
TSPP*/GO. These nanohybrids were carefully synthesized and characterized.
The synthesis process involved combining a solution of the porphyrin with a suspension
of graphene-based materials (either GO or rGO). To gain a deeper understanding of the
structure-property relationship, each nanohybrid underwent a thorough and
comprehensive characterization, primarily focusing on spectroscopic analysis.
This approach allowed to investigate and elucidate the intricate relationship between the
porphyrin structure and its corresponding nanohybrid with GBM properties. This
characterization provided valuable insights into how the structural features of porphyrin
influenced the strength of the interaction with GBM. This work paved the way for a more
comprehensive understanding of porphyrin/GBM hybrids properties and potential
applications.

Below, a concise summary of the key findings from this thesis is provided.

First of all during the titration process, in all cases, the intensity of the original Soret bands
in the UV-Vis spectra gradually decreased. Additionally, new red-shifted Soret bands
emerged, indicating significant changes in the electronic structure of the porphyrin upon

adsorption on the GBM.

The positions of the Soret bands, along with their corresponding molar absorption
coefficients, as well as the values of their shifts and the positions of the isosbestic points,
were collected in Table 17. These observed shifts in the absorption band positions are
noteworthy and can be attributed to the flattening of the porphyrin molecules, induced
by the n-n stacking interactions between the porphyrin moiety and the GO/rGO sheets.
The smallest change in the position of the Soret band (6 nm) was observed for TMAP®,

which may be related to the large substituent hindering flattening.
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Table 17 Summary of the absorption properties of TMPyP**, ZnTMPyP**, TMAP**
TMAP®", TAPP and TSPP* in water as a free molecule and adsorbed on the surface
of GBM (GO or rGO)

Free porphyrin Adsorbed on Shift

Isosbestic
molecule of

point

2

Amax S Amax @ Soret

Porfiryna (nm) M'em!) (mm) Mlem?) 0]

(nm)

- GO 422 20x10° 440 1.2x10° 18 434
- GO 437 1.2x10° 453 0.8 x10° 16 447
- GO 411 3.7x10° 421 1.9 x10° 10 416
- GO 431 3.8 x10° 436 - 6 -
GO 456 0.37x10° 32 437
424 0.85x10°
rGO 451  0.37x10° 27 439
- GO 413 5.1x10° 435 - 22 420

1-  ethanol-water (1:2 v/v) solution; 2- were determined assuming that 100% of the porphyrin bound to GO

On the basis of the spectral results described above, it is reasonable to conclude that the
adsorption of the porphyrins on the GBM sheets causes significant changes in the

electronic structure of these porphyrins.

Photoluminescence spectroscopy serves as a valuable tool for investigating the electronic
interactions occurring between porphyrin molecules in their singlet excited states and GO
sheets. In order to conduct comparative emission studies, that the excitation wavelengths
matched the absorbance of the samples were ensured. To maintain
a consistent absorbance at the excitation wavelengths during emission measurements,
the solutions of porphyrins and nanohybrids were excited at the isosbestic points,
as documented in Table 17.

An increase in the amount of GO in the sample results in a decrease in the fluorescence
intensity of the porphyrin. To quantify this effect, the GO concentration required

to decrease the emission intensity by 50% was determined and recorded in Table 18.
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This data provides insights into the quenching behaviour of the porphyrin fluorescence

as a function of GO concentration.

Table 18 The GBM (GO or rGO) concentration required to quench 50% of the intensity
of porphyrin emission in the investigated nanohybrids

Concentration of GO

(ng mL1)

Nanohybrid GBM

e
AR
B
el
]
_ rGO 0.75

_ GO 10.00

Among the porphyrins (TMPyP*", ZnTMPyP*", TMAP*"), the concentrations required
to induce fluorescence quenching were found to be the lowest for cationic porphyrins
(TMPyP*, ZnTMPyP*", TMAP*"). However, an exception to this trend was observed
with the porphyrin TMAP®*, which exhibited a relatively higher concentration for
achieving the same quenching effect. The concentrations of GO necessary to quench 50%
of the emission intensity for the neutral (TAPP) and anionic (TSPP*) porphyrins were
found to be significantly higher compared to the cationic porphyrins. Specifically,
in comparison to ZnTMPyP4+, the concentrations of GO required for quenching were
50 times higher for the neutral porphyrin and 19 times higher for the anionic porphyrin.
The interaction between TAPP and rGO was found to be stronger than the interaction
between TAPP and GO. Based on the above data, it can be concluded that the strength
of the porphyrin emission quenching by GO increases follows the order: ZnTMPyP*" >
TMAP*" > TMPyP*" >TMAP®" >TAPP >TSPP*.

Table 19 shows the fluorescence lifetime of the porphyrins along with the excitation and
detection wavelength. Interestingly no change in the fluorescence decay kinetics
of porphyrins was observed with increasing GO concentration or rGO. The lack

of a detectable change in the fluorescence lifetime of the free porphyrins excludes
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dynamic quenching of the singlet excited state of porphyrins within investigated

nanohybrids.

Table 19 fluorescence time (together with excitation and detection wavelength for

investigated porphyrins (TMPyP**, ZnTMPyP**, TMAP** TMAP®", TAPP and TSPP")

Porphyrin  fluorescence Aex(nm)  Adet (nm)

lifetime (ns)

5.7 440 693
1.3 440 650
9.8 405 660
2.7 440 660
5.7 440 672
9.9 440 644

The comprehensive steady-state absorption and emission data analysis allowed
to conclude that the metalation of TMPyP with Zn(II) increased the binding ability of the
porphyrin to the GO surface. The porphyrin content in the ZnTMPyP*/GO (4.9%)
is higher compared to TMPyP*/GO (3.7%). Photocurrent measurements and
femtosecond TA spectroscopy provided evidence for ET occurring in the hybrid materials
(ZnTMPyP*/GO and TMPyP*/GO) (see: 5.2.1.3 Femtosecond TA Spectroscopy and
5.2.1.4 Photoelectrochemical measurements). Both hybrid materials, TMPyP*"/GO
and ZnTMPyP*/GO, demonstrated higher photocatalytic activity toward RhB
degradation as compared to GO alone (see: 5.2.1.5 Photocatalytic activity towards RhB
degradation); however, ZnTMPyP*/GO exhibited significantly more -efficient
performance. The data obtained indicate that the presence of Zn in the porphyrin core can
promote charge separation in the ZnTMPyP*"/ GO compounds. The higher degradation
rate seen with ZnTMPyP*/GO as compared to the TMPyP*"/GO assemblies highlights
the beneficial role of Zn(II)-metalation of the porphyrin ring.

Conducted measurements allow also to establish the effect of the pH on the formation
of the hybrid material. It has been proven that stronger interaction with GO occurs for
TMAP*" than for TMAP®" where it is largely suppressed. This can be rationalized in terms
of: a) a distortion of the planarity of the porphyrin macrocycle upon protonation,

b) a decrease of the Columbic interaction due to protonation of the carboxylic groups
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in GO, and c) aggregation of the GO under acidic conditions. The non-covalent
functionalization of GO with cationic porphyrin at pH 6.2 was confirmed by FTIR,
Raman spectroscopy, thermogravimetric analysis (TGA), atomic forces (AFM), and
elemental analysis (see: 5.2.2.3 TMAP/GO  nanohybrid  characterization).
The nanohybrids were subjected to detailed spectroscopic characterization with several
methods to probe the ground state as well as the excited state interaction between the
components of the new material. It was found that the formation of TMAP*"/GO hybrids
changes the electronic structure of the porphyrin ground state, which was manifested
among others by the shifts of the Soret band from 411 nm to 421 nm (7able 17).
Moreover, it was evidenced that the ground state interaction between TMAP*" and GO
causes static quenching of the porphyrin emission (7able 18). Surprisingly, fluorescence
is not detected for the nanohybrid, indicating that a very fast deactivation process must
take place. Ultrafast time-resolved transient absorption spectroscopy clearly demonstrates
the occurrence of electron transfer from the photoexcited TMAP*' singlet state to GO
sheets, as proven by the formation of a porphyrin radical cation.
(see: 5.2.2.4 Femtosecond TA Spectroscopy) These results are relevant to the use
of such systems in developing energy conversion assemblies if undesired back electron

transfer could be suppressed.

Also the effect of GBM oxidation level on the spectroscopic properties of the porphyrins
was determined by comparing the TAPP/GO and TAPP/rGO properties. The conducted
investigations revealed that both nanohybrids exhibit similar photophysical properties.
However, TAPP/rGO exhibited a higher porphyrin content compared to that
of TAPP/GO. These findings suggest that TAPP exhibits a stronger affinity for rGO.
Theoretical calculations carried out also strongly support this conclusions.
(see: 5.3.1.4 Theoretical Calculations) The presence of both GO and rGO induces
similar structural changes in the TAPP molecules. However, the binding energies
calculated for TAPP to the GO and rGO systems were significantly lower for the latter
graphene-based material. These results indicate that TAPP has a stronger tendency
to form a stable complex with rGO. This can be attributed to the partially restored
aromatic structure of rGO, which enables a stronger m-m interaction with the TAPP
molecules. This section of the thesis demonstrates that the strength of the interaction
between the porphyrin and GBM can be influenced not only by adjusting the structure
of the porphyrin but also by modifying the GBM. During the photoelectrochemical
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measurements of TAPP/GO, a comparative analysis was performed with other GO
hybrids incorporating cationic porphyrins. The obtained data provided evidence for the
presence of photoinduced charge transfer within the investigated nanohybrid material.
However, it was observed that the efficiency of electron-hole separation in TAPP/GO
was notably lower in comparison to graphene oxide hybrids containing cationic
porphyrins, such as TMPyP/GO and ZnTMPyP/GO. Lastly, the measurements of the
interaction of TSPP* with GO indicate that this interaction is largely suppressed
in comparison to neutral and cationic porphyrin. The addition of a much higher
concentration of GO causes fluorescence quenching, which was attributed to the static
mechanism (7able 18). Experimental support for the photoinduced charge separation
mechanism comes from complementary photocurrent measurements. The increase in the
photocurrent provides evidence for the photo-induced charge transfer in the studied

materials.

In an effort to prepare nanohybrids of GO with TSPP aggregates, a synthesis and
characterization process for TSPP nanorods was pursued using an acid-base
neutralization-based surfactant-assisted self-assembly method. The thermal conditions
of the synthesis were refined and rod-shaped structures were obtained. The average length
of these structures ranged from approximately 250-300 nm (up to 500 nm) with a diameter
of about 35 nm. Regrettably, the addition of GO to the porphyrin-structure solution causes
the destabilization of TSPP structures which resulted in the restoration of the TSPP in the

monomeric form.

To summarize, very detailed research on porphyrin/GO nanohybrids allowed for a better
understanding of the relationship between the porphyrin structure and the strength and
nature of the interaction with GO. Time-resolved absorption spectroscopy allowed
to observe photoinduced electron transfer, which can potentially be used in photovoltaics,
artificial photosynthesis or photodegradation of pollutants. Thus results discussed in the

thesis are relevant to the use of such systems in developing energy conversion assemblies.
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7. Abstract

7.1 Abstract in English

The increasing demand for new safe functional materials with more effective, specific
properties is expanding the horizons of current research worldwide. Graphene-based
materials (GBM) have attracted interest because of their outstanding properties, such
as large surface area, mechanical stability, and optical transmittance. The conjugated
aromatic system has made these materials ideal candidates for use as charge carriers
or promoters. Additionally, the oxidized structure of graphene, namely - graphene oxide
(GO), which includes various oxygen-based functional groups opens up the possibilities
for its functionalization with other materials or molecules. Unlike graphene, GO can form
stable aqueous suspensions, which makes it more suitable for some applications e.g. water

splitting or dye photodegradation.

One promising approach to functionalize GBM involves surface coverage with
light-harvesting molecules capable of capturing photons from solar light especially in the
UV-Vis region. Porphyrins are an excellent example of such molecules due to their high

molar absorption coefficients in the visible region.

Bringing these two individual components, graphene-based material and porphyrin
molecule, into new hybrid materials may lead to important synergies. The formation
of the hybrid material can be achieved through the formation of covalent bonds between
the components of the nanostructure or through non-covalent interactions (m-m,
electrostatic, hydrogen bonding, van der Waals). In recent years, particular attention has
been paid to porphyrin hybrids with GBM that rely on non-covalent interactions.
This interest results from the ease with which they can be prepared and the high efficiency

of this process.

The main aim of this doctoral dissertation was to synthesize a hybrid system that contains
a graphene oxide or reduced graphene oxide and porphyrin molecule and to conduct
a detailed spectroscopic analysis of their properties in terms of potential use for the
photocatalytic degradation of organic dyes. The research included 1) photochemical and
photophysical characterization of selected porphyrins or metalloporphyrins and their
hybrids with graphene oxide (or its reduced form), 2) comparison of the spectroscopic

properties between various newly obtained hybrid materials, and 3) investigation of the
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possible phenomenon of photoinduced electron transfer from the exited porphyrin

molecule to a graphene oxide sheet.

This dissertation allows to fully understand the non-covalent interaction of porphyrin-
graphene oxide nanostructures. One of the key elements of this study were parameters,
which control the strength of the interaction of the hybrids components. Therefore the

main purposes of this doctoral dissertation are:

1. synthesis and characterization of novel nanohybrids based on GBM (GO and rGO) and
porphyrins,

2. define a correlation between porphyrin structure (anionic, neutral, cationic and

free-base vs metalated) and its interaction in the ground-state and excited state with GBM,

3. comparison of the spectroscopic properties of free porphyrins and porphyrins adsorbed

on the surface of GBM,

4. determination of the effect of GBM oxidation level on the strength of the interaction

with porphyrin and its spectroscopic properties following adsorption of the GBM sheet,
5. establishment of the effect of pH on the formation of the hybrid materials.

These scientific goals are discussed for different types of porphyrins: cationic, neutral,

and anionic.

In this doctoral dissertation various research methods were used to determine the
spectroscopic and photophysical properties of the hybrids materials including:
steady-state absorption, time-resolved emission spectroscopy, nanosecond and
femtosecond transient absorption spectroscopy, and photoelectrochemical measurements.
In addition for characterization of the nanohybrid FTIR, Raman spectroscopy,
thermogravimetric analysis (TGA), atomic force microscopy and elemental analysis were

employed.

The part of the doctoral dissertation which concerns cationic porphyrins, includes two
major directions. In the first part, two noncovalent porphyrin-graphene oxide nanohybrids
were synthesized by mixing the solution of the cationic porphyrin 5,10,15,20-tetra(1-
methyl-4-pyridino) porphyrin tetra(p-toluenesulfonate) (TMPyP) or its zinc(II) derivative
(ZnTMPyP) with a graphene oxide suspension and were subsequently characterized

in view of their spectroscopic properties and applications in Rhodamine B (RhB)
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photodegradation. The main objective was to determine how the presence of a Zn(II) atom
in the porphyrin core affects the photocatalytic activity toward RhB degradation.
Obtained data indicated that the presence of metal atoms could promote charge separation
in the ZnTMPyP*"/GO composites. Metalation of the porphyrin with the Zn(II) atom was
found to increase the binding ability of the porphyrin to the graphene oxide surface.
Ultrafast time-resolved transient absorption spectroscopy and photocurrent
measurements strongly suggested the occurrence of an electron transfer process from
photoexcited porphyrin to graphene oxide. Hybrid materials showed higher
photocatalytic activity toward RhB degradation in comparison to that of pure GO.
The ZnTMPyP*/GO exhibited higher efficiency, ca. 19% RhB decomposition after
2 hours of irradiation in comparison to TMPyP*/GO. This observation was attributed

to more efficient charge separation.

In the second part, the non-covalent nanohybrid composed of cationic 5,10,15,20- tetra(4-
trimethylammoniophenyl)porphyrin tetra(p-toluenesulfonate) (TMAP) and graphene
oxide sheets were prepared at two pH values (6.2 vs. 1.8). The main objective was
to investigate the pH-dependent behaviour of a non-covalent cationic porphyrin—
graphene oxide nanohybrid. The TMAP molecule is positively charged, regardless of the
pH of the solution. However, the protonation of imino nitrogens increased the overall
charge of the porphyrin molecule from +4 to +6 (TMAP*" and TMAP®"). Therefore
by modulation of the pH, the electrostatic interaction between porphyrin and GO could
be changed. However, surprisingly it was found that at acidic pH, the interaction
of TMAP®" with GO was largely suppressed. The TMAP*"/GO hybrid was fully described
by spectroscopic technique as well as several compositional and morphological
characterization methods. It was found that the formation of TMAP*"/GO hybrid changes
the porphyrin ground state electronic structure which was manifested among others
by the Soret band shift in the UV-Vis spectra. Moreover, it was evidenced that the ground
state interaction between porphyrin and GO causes static quenching of the porphyrin
emission. In addition, fast quenching of the singlet excited state of the porphyrin adsorbed
on the GO sheet occurred, which could be presumably attributed to the electron transfer
process.

The part of the dissertation about neutral porphyrins was focused on the comparison
of the strength of the interaction of neutral porphyrin with two types of graphene-based
materials (GO and rGO) and investigating the properties of the obtained nanohybrid
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materials. The data obtained indicated that both nanohybrids have similar photophysical
properties. However, rGO can be functionalized with TAPP molecules more efficiently.
Moreover, photocurrent measurements strongly suggest the occurrence of an electron
transfer process from photoexcited porphyrin to graphene oxide in the TAPP/GO
nanohybrid.

The third and last part of the dissertation presents the results obtained for the 5,10,15,20-
tetra(4-sulfonatophenyl)porphyrin (TSPP). The TSPP was selected for this study
as a model of anionic meso-tetra phenyl substituted porphyrin. This research attempted
to determine the interactions between this porphyrin and GO in ground-state with the
ultimate goal of comparing its strength with the other groups of porphyrins, i.e. cationic
and neutral Since the anionic porphyrin molecules are negatively charged the electronic
attraction can be excluded as a type of interaction between porphyrin and graphene oxide.
The interaction between porphyrin and GO can be based on the stacking of n-n stacking

and van der Waals forces, which are much weaker than the columbic interaction.

In summary, the research on nanohybrids presented in the doctoral dissertation involved
the synthesis and spectroscopic characterization of novel porphyrin/graphene oxide
nanohybrids. The conducted studies provided a better understanding of the relationship
between the porphyrin structure and the strength and nature of interactions with GO.
Time-resolved absorption spectroscopy allowed for the observation of photo-induced
electron transfer, which has potential applications in photovoltaics, artificial
photosynthesis, and photocatalytic degradation of pollutants. Therefore, the results
discussed in the dissertation are significant for the utilization of such materials

in designing energy conversion systems.

7.2 Streszczenie pracy w jezyku polskim

Zaspokojenie rosngcego zapotrzebowania na materialy o zaawansowanych
zastosowaniach wymaga poszerzenia horyzontdow obecnych badan na caltym $wiecie.
Materiaty na bazie grafenu (GBM) wzbudzily zainteresowanie ze wzgledu na swoje
wyjatkowe wlasciwosci, takie jak duza powierzchnia wlasciwa, stabilno§¢ mechaniczna
1 przepuszczalno$¢ optyczna. Sprz¢zony uklad aromatyczny sprawia, ze materialy te
sg idealnymi kandydatami do wykorzystania jako no$niki fadunku. Dodatkowo utleniona

forma grafenu, czyli tlenek grafenu (GO), zawiera rézne tlenowe grupy funkcyjne,
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co otwiera mozliwosci jego funkcjonalizacji innymi indywiduami chemicznymi.
W przeciwienstwie do grafenu GO moze tworzy¢ stabilne wodne zawiesiny, co czyni go
bardziej odpowiednim do niektérych zastosowan wymagajacych srodowiska wodnego

np. rozktadu wody czy fotodegradacji barwnikow.

Jedno z obiecujacych podej$¢ do funkcjonalizacji GBM obejmuje pokrycie powierzchni
czasteczkami zdolnymi do absorpcji $wiatla slonecznego, w szczegdlnosci w zakresie
UV-Vis. Doskonatym przyktadem takich czgsteczek sg porfiryny, ze wzgledu na ich

wysokie molowe wspotczynniki absorpcji w obszarze widzialnym.

Potaczenie tych dwoch rodzajow komponentow: materiatu na bazie grafenu i czasteczki
porfiryny, moze prowadzi¢ do waznych synergii. Syntezy takiego materiatu
hybrydowego mozna dokona¢ na drodze funkcjonalizacji kowalencyjnej (poprzez
tworzenie wigzan migdzy sktadnikami nanostruktury) lub poprzez oddzialywania
niekowalencyjne (oddzialywania m-m, elektrostatyczne, van der Waalsa, wigzania
wodorowe). W ostatnich latach szczeg6lng uwage zwrocono na hybrydy porfiryny
z GBM, ktore opieraja si¢ na oddziatywaniach niekowalencyjnych. Zainteresowanie
to wynika migdzy innymi z tatwosci, z jakg mozna je przygotowac i wysokiej wydajnosci

tego procesu.

Glownym celem niniejszej pracy doktorskiej byla synteza nowych uktadow
hybrydowych zawierajacych GO lub rGO (zredukowany tlenek grafenu) i1 czasteczki
porfiryny oraz przeprowadzenie szczegdtowej analizy spektroskopowej ich wlasciwosci
pod katem potencjalnego zastosowania do fotokatalitycznej degradacji barwnikow
organicznych. Badania obejmowaty: 1) fotochemiczng i1 fotofizyczng charakterystyke
wybranych porfiryn lub metaloporfiryn 1 ich hybryd z tlenkiem grafenu (lub jego
zredukowang formg), 2) poréwnanie wiasciwosci spektroskopowych roéznych nowo
otrzymanych materiatow hybrydowych oraz 3) zbadanie mozliwego zjawiska

fotoindukowanego przeniesienia elektronéw z czasteczki porfiryny na arkusz GO/rGO.

Rozprawa ta pozwala w pelni zrozumie¢ niekowalencyjne oddziatywanie nanostruktur
porfiryny i tlenku grafenu. Jednym z kluczowych elementéw tych badan byta analiza
parametréw, ktore kontrolujg sile oddzialtywania pomiedzy sktadnikami hybryd.

Podsumowujgc gtéwnymi celami tej rozprawy doktorskiej sa:
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1. synteza i charakterystyka nowych niekowalencyjnych nanohybryd opartych na GBM
(GO 1rGO) i porfirynach,

2. zdefiniowanie korelacji miedzy strukturg porfiryny (anionowg, neutralng, kationowg
oraz porfiryng i jej cynkowa pochodng) a jej oddziatywaniem w stanie podstawowym

1 wzbudzonym z GBM,

3. poréwnanie wlasciwosci spektroskopowych wolnych porfiryn 1 porfiryn

zaadsorbowanych na powierzchni GBM,

4. okreslenie wplywu stopnia utlenienia GBM na site oddziatywania z porfiryng

1 jej wlasciwosci spektroskopowe po adsorpcji do arkusza GBM,
5. ustalenie wptywu pH na tworzenie materiatu hybrydowego porfiryna/tlenek grafenu.

Te cele naukowe zrealizowano dla r6znych rodzajoéw porfiryn: kationowych, obojetnych

1 anionowych.

W pracy doktorskiej wykorzystano rozne metody badawcze do okreslenia whasciwosci
spektroskopowych i fotofizycznych materiatéw hybrydowych, w tym: absorpcje w stanie
podstawowym, czasowo-rozdzielczg spektroskopie  emisyjng, nanosekundowa
1 femtosekundowg spektroskopie¢ absorpcji przejsciowej, pomiary fotoelektrochemiczne.
Dodatkowo, do scharakteryzowania otrzymanych nanohybrid zastosowano spektroskopi¢
fourierowska ~w  podczerwieni  (FTIR), spektroskopi¢ = Ramana, analizg

termograwimetryczng (TGA), mikroskopi¢ sit atomowych i analize¢ elementarng.

Cze$¢ rozprawy doktorskiej, ktora dotyczy porfiryn kationowych, obejmuje dwa glowne
kierunki. W pierwszej czgsci zsyntetyzowano dwie niekowalencyjne nanohybrydy tlenku
grafenu 1 porfiryny poprzez zmieszanie roztworu kationowej porfiryny 5,10,15,20-
tetra(1-metylo-4-pirydyno)porfiryny  tetra(p-toluensulfonianu)  (TMPyP*")  lub
jej pochodnej cynkowej (ZnTMPyP*") z zawiesing tlenku grafenu. Nastepnie
scharakteryzowano je pod katem wlasciwosci spektroskopowych 1 zastosowan
do fotodegradacji Rodaminy B (RhB). Gléwnym celem bylo ustalenie, w jaki sposéb
obecnos¢ atomu Zn(I) w rdzeniu porfiryny wplywa na aktywno$¢ fotokatalityczng
w kierunku degradacji RhB. Uzyskane dane wskazuja, Zze obecno$¢ atomow metalu moze
sprzyja¢ separacji ladunkéw w nanohybrydzie ZnTMPyP*/GO. Stwierdzono,
ze wprowadzanie Zn(Il) do porfiryny zwigksza zdolno$¢ wigzania porfiryny

z powierzchnig tlenku grafenu. Ultraszybka, czasowo rozdzielcza spektroskopia
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absorpcyjna 1 pomiary fotopradowe wskazaly na wystepowanie procesu przenoszenia
elektronu z fotowzbudzonej porfiryny do tlenku grafenu. Materialy hybrydowe wykazaty
wyzszg aktywnos$¢ fotokatalityczng w kierunku degradacji RhB w poréwnaniu z czystym
GO. ZnTMPyP*/GO wykazywal wyzsza wydajnos¢, ok. 19% rozktadu RhB
po 2 godzinach naswietlania w poréwnaniu do TMPyP*/GO. Obserwacje te przypisano

bardziej wydajnej separacji fadunkow.

W drugiej czg$ci przygotowano niekowalencyjng nanohybryde ztozong z kationowej
5,10,15,20-tetra(4-trimetyloamoniofenylo)porfiryny tetra(p-toluenosulfonianu) (TMAP)
1 arkuszy tlenku grafenu. Syntezy dokonano w dwoch roznych pH (6.2 i 1.8). Gléwnym
celem byto zbadanie zalezno$ci wydajnosci tworzenia nieckowalencyjnej nanohybrydyny
kationowej porfiryny z tlenkiem grafenu od pH roztworu. Czasteczka TMAP jest
natadowana dodatnio, niezaleznie od pH roztworu. Jednak protonacja azotu iminowego
zwicksza catkowity tadunek czasteczki porfiryny z +4 do +6 (TMAP* i TMAP®).
Poprzez zmiang pH mozliwa jest zatem zmiana sily oddzialywania elektrostatycznego
miedzy porfiryng a GO. Zaskakujaco, stwierdzono, ze przy kwasnym pH odziatywanie
TMAP®" z GO bylo w duzej mierze ograniczone. Hybryda TMAP*/GO zostata w pehi
opisana kilkoma metodami charakteryzacji kompozycyjnej i morfologicznej oraz
technikami spektroskopowymi. Wszystkie te badania pozwolily uzyskaé obraz
oddzialywania porfiryn z GO zaré6wno w stanie podstawowym, jak 1 wzbudzonym.
Stwierdzono, ze powstawanie hybrydy TMAP*/GO zmienia strukture elektronowg stanu
podstawowego porfiryny, co przejawialo si¢ .in.. przesuni¢ciem pasma Soreta. Ponadto
wykazano, ze oddziatywanie stanu podstawowego mig¢dzy porfiryng a GO powoduje
statyczne wygaszanie emisji porfiryny. Ponadto wykazano, ze oddzialywanie stanu
podstawowego miedzy porfiryng a GO powoduje statyczne wygaszanie emisji
porfiryny.Cze$¢ rozprawy doktorskiej dotyczaca porfiryn neutralnych skupila si¢
na pordéwnaniu sily oddziatywania neutralnej porfiryny 5,10,15,20-tetra(4-
aminophenyl)porphyrin

z dwoma rodzajami materiatéw na bazie grafenu (GO i1 rGO) oraz zbadaniu wtasciwos$ci
otrzymanych materialdow nanohybrydowych. Uzyskane dane wskazuja, Ze obie
nanohybrydy maja podobne wtlasciwosci fotofizyczne. Jednak rGO moze by¢
funkcjonalizowany za pomocg czasteczek TAPP bardziej efektywnie. Ponadto pomiary
fotopradowe sugeruja wystapienie procesu przenoszenia elektronow z fotowzbudzone;j

porfiryny do tlenku grafenu w nanohybrydzie TAPP/GO.
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W trzeciej 1 ostatniej czgséci rozprawy przedstawiono wyniki uzyskane dla 5,10,15,20-
tetra(4-sulfonianofenylo)porfiryny (TSPP), wybranego jako model porfiryny anionowe;j.
Badania te miaty na celu okreslenie oddzialywania miedzy tg porfiryng a GO w stanie
podstawowym, a ostatecznym celem byto poréwnanie jej sity z innymi grupami porfiryn,
tj. kationowymi 1 obojetnymi. Poniewaz anionowe czasteczki porfiryny
sa natadowane ujemnie, przycigganie elektronowe mozna wykluczy¢ jako rodzaj
interakcji miedzy porfiryng a tlenkiem grafenu. Oddzialywanie pomig¢dzy porfiryng a GO
moze opierac si¢ na odzdziatywaniach m-n aromatycznych pier$cieni obu komponentow

1 sitach van der Waalsa, ktore sg znacznie stabsze niz oddziatywanie kolumbowskie.

Podsumowujgc, badania nad nanohybrydami przedstawione w rozprawie doktorskiej
obejmowaly syntez¢ 1 charakterystyke spektroskopowa nowych nanohybryd
porfiryna/materiat grafenowy. Przeprowadzone badania pozwolity na lepsze zrozumienie
zalezno$ci migdzy strukturg porfiryny a sitg i charakterem interakcji z GO. Spektroskopia
absorpcyjna z rozdzielczo$cia czasowa pozwolita zaobserwowaé fotoindukowane
przeniesienie elektronéw, ktory potencjalnie moze by¢ wykorzystane w fotowoltaice,
sztuczne] fotosyntezie czy fotodegradacji zanieczyszczen. Tak wigc wyniki omowione
w pracy sg istotne dla wykorzystania takich materiatow w projektowaniu uktadow

do konwersji energii.
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Appendix 1

Reduced graphene oxide (rGO) was obtained by a chemical reduction of GO
(0.1 mg mL ! water) using an excess of ascorbic acid (0.1 M) at pH 10 adjusted by NaOH.
The reaction mixture was stirred and kept at 70 °C for 5 h until the brown suspension
turned black. Subsequently, the suspension obtained was centrifuged at 12000 rpm
(14986 rcf) for 30 min and washed with water several times in order to remove any excess
of ascorbic acid. The wet solid was transferred into a Petri dish and dried in an oven for

24 h at 60 °C. Under mild sonication, the obtained rGO could be re-dispersed in water.
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Appendix 2

The method of preparation of the GO-SnO2-FTO, TMPyP-GO-SnO2-FTO
or ZnTMPyP-GO-SnO»-FTO electrodes was as follows: A layer of SnO> was placed
on a fluorine-doped tin oxide (FTO) glass electrode via a doctor blading method and
received thermal treatment under an air atmosphere. The prepared samples were covered
with graphene oxide via electrophoretic deposition. GO-SnO»-FTO electrodes were left
overnight in porphyrin baths (60 puM) and dried in air to achieve porphyrin

functionalization on their surface.
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Appendix 3

Preparation of the TMAP/GO hybrid

3 ml of TMAP*' (1.1 uM) aqueous solution (pH 6.2) was mixed with 10 pl aqueous GO
suspension (3 mg mL~! GO) resulting in a light brown suspension. The mixture was
centrifuged at 12000 rpm (14986 rcf) for 2 hours. The obtained supernatant was light
yellow and a precipitate of dark brown TMAP*/GO powder was obtained by drying the

wet precipitate in an oven for 14 h at 80 °C.

179



Table of Figures

Figure 1 Structure of Sraphene............cocciiviiiiiiiiiieiieeeeee e 5
Figure 2 The structure of porphyrin ...........ccoeoiiviiieiiieiieieeieee e 10

Figure 3 Absorption and emission spectra of porphyrin on the example of TPP porphyrin.
The TPP concentrations were 5 uM and 0.5 uM for absorbance and fluorescence
measurements, respectively [Adapted from®].........ccooeviiiieeeeeeeeeeeeee s 12

Figure 4 Porphyrin HOMOs and LUMOs. (A) Representation of the four Gouterman
orbitals in porphyrins. (B) Drawing of the energy levels of the four Gouterman orbitals
after the symmetry is reduced from Dan to Cav [Adapted from®®] ... 13

Figure 5 Schematic illustration of H-type and J-type aggregate [Adapted from’'] ....... 14
Figure 6 Structural formulas and names of the porphyrins described in Chapter 2....... 18

Figure 7 Structural schemes of (Cl) THPP/GO, (C2) TPPOH/GO, (C3) TPP/GO
[AApted fTOm B8] ... 22

Figure 8 A) Proposed mechanism for photocatalytic H» generation in ZnTMPyP*'-
MoS,/tGO-TEOA system under visible light irradiation (numbers 1-8 are the
designations of subsequent samples). B) Photocatalytic H production upon visible light
irradiation (A>420 nm) of aqueous solutions containing 0.2 mM ZnTMPyP, 0.2 M TEOA
and 40 mg various MoS,/rGO catalysts at pH 7 [Adapted from %] ..........cococovviiinnns 29

Figure 9 Photocatalytic performance for RhB degradation of a) control without catalyst,
b) GNPs, c) free standing TCPP nanorods, d) GNPs-supported TCPP nanorods [ Adapted
FEOM 0T ettt ettt 30

Figure 10 Structural formulas and names of the investigated porphyrins...................... 36

Figure 11 Diagram illustrating the HOMO and LUMO orbitals of a molecule. (Each
circle represents an electron in an orbital): when electromagnetic radiation with sufficient
energy is absorbed by an electron in the HOMO, it transitions to the LUMO ............... 37

Figure 12 Schematic representation of the concept of sample absorption measurement (o
is the intensity of incident light at wavelength A...........ccccooviiiiiiiiniicee, 39

Figure 13 Diagram of electronic transitions in UV-Vis spectroscopy of organic
CRTOMOPINOTES .....eiiiiieeiieeciee ettt e et e et e et e e essaaeesaeeensseesssseessseeennneeas 40

Figure 14 Fluorescence, shown in this Jablonski diagram, involves emitting a photon of
lower energy than the initially absorbed photon. The diagram is read from the left to the
right: absorbance (blue) occurs first, then vibrational relaxation (green), and then

fIUOTESCENCE (OTANZE) ...vveeevieeeiiieeeiieeeiee et e et e e e tteeeteeeeteeessaaeessseeessseeesseeensseesnsseennseens 41
Figure 15 Definition of the Stokes shift (AL) .....cccvvveiiieeiiiieieeee e, 42
Figure 16 Schematic representation of the mirror image rule...........cccoeevvveveveeeiveennnenn. 43
Figure 17 Schematic representation of the spectrofluorometer..........cc.ccoceevevvieriennenee. 44

180



Figure 18 The principle of measuring fluorescence decay using the TCSPC method. (A)
Measurements of the interval between the exciting pulse and the emitted photon, and (B)

the final histogram resulting from the TCSPC measurements ...........ccccceeeveervenennennnn. 49
Figure 19 Principle of femto-TA .......c.oooiiiieiieeee e 51
Figure 20 Schematic representation of the transient absorption technique (two-beam
IMNEENOM) ..ottt e et e et e e be e e ear e e e b e e eareeeans 52
Figure 21 Examples of different types of vibration modes: A) symmetric stretching, B)
asymmetric stretching, C) scissoring, and D) rocking..........ccccocevvevviienciieencieeniee e, 54
Figure 22 Schematic representation of the FTIR technique ..........cccccooeeviiviiniencennnne. 55
Figure 23 Schematic representation of the EA technique..........ccccooeviiniiiiiniencnnennn. 56
Figure 24 Schematic representation of the TGA technique..........ccccevevviiviineniencenens 57

Figure 25 UV-Vis spectra of the aqueous solution of GO (black) and rGO (red). The inset
is an image of GO and GO SUSPENSIONS .....eecuvieuieruieeirieriieeiiieniieeieeseeeieesieeeseessreenseens 61

Figure 26 The C=C peak position shifting of rGO synthesized at different reduction
times. [Adapted fIOmM™ ] .......c.ooiiiiieeeeeeeeeeee e 61

Figure 27 A) The Cls scan XPS spectra of the GO (black) and rGO (blue) samples; B)

TGA curves of GO (black) and 1GO (DIUE) .......ccuvveeouvieeiiiece e 62
Figure 28 The FTIR spectra of GO (black) and rGO (blue)......c.ccccovveevvieencieeenieeen. 63
Figure 29 A representative AFM image of the GO sheets collected from GO dispersion
TIL WALET ..eeutteiteett ettt ettt ettt h et e a e bt et e h e bt et ea b e bt et eht e bt et eaee bt et 63
Figure 30 A thickness distribution histogram for GO sheet ..........cccccoceviiiiniincnnennn. 64

Figure 31 A) UV-Vis absorption spectra registered for TMPyP solution (2.3 uM) at
neutral (pH 7.0) (black) and acidic condition (pH 1.0) (red) B) Fitting of Boltzmann
function to the dependence of the absorbance at 421 nm (red) and 442 nm (black) as a
FUNCHION OF PH ..ottt et esaaeesee 66

Figure 32 Absorption spectra of: A) TMPyP*" and B) ZnTMPyP*" in water (inset: Q-
band region of the SAMe SPECLIA) ......cecuiiieiiiiieiiieciee e e e 67

Figure 33 A) Absorption spectra recorded during the addition of a different amount of
aqueous solution of GO (concentration of a stock solution: 0.2 mg mL™) to: A) 1.9 uM
aqueous TMPyP*" solution, B) 1.0 uM aqueous ZnTMPyP*" solution. The spectra are
corrected for the GO abSOTPLION .....cc.eieiviieiieiiieie et 68

Figure 34 Dependence of the absorbance changes as a function of GO concentration
added to porphyrin solution for A) TMPyP*, B) ZnTMPyP*". The subscripts 0 and GO
refer to samples without and with the addition of GO, respectively .........cccccveerveeeneen. 69

Figure 35 AMF depth profile of A) TMPyP*"/GO and B) ZnTMPyP*/GO................. 70

Figure 36 A) Absorption spectra recorded during the addition of an aqueous solution of
TMPyP*" (0-15 uM) to 0.13 mg mL! GO in H,0 (3 mL). B) Absorption spectra recorded
during the addition of an aqueous solution of ZnTMPyP*" (0-15 pM) to 0.05 mg mL"!
GO N H2O (B3 ML) 1ttt ettt ettt et ae e eneas 71

181



Figure 37 Absorption spectra of: A) aqueous solutions of free TMPyP*" (black),
TMPyP*" with the addition of GO suspension (red) and spectrum of the supernatant after
centrifuging (blue), B) aqueous solutions of free ZnTMPyP*" (black), ZnTMPyP*" with
the addition of GO suspension (red) and spectrum of the supernatant after centrifuging
(] L TC) IO OSSR PO PORURRPUPPRROPN 72

Figure 38 A) Quenching of the fluorescence of: A) 0.50 uM TMPyP*" in H,O recorded
during the addition of an aqueous suspension of GO (0 -0.19 pg mL™); Aex= 434 nm; B)
0.16 pM ZnTMPyP*" in H,O recorded during the addition of an aqueous suspension of
GO (0-0.19 ug ML), hex™ 447 DM oo 73

Figure 39 Quenching of the fluorescence of 0.50uM TMPyP*" in H,0 recorded during
the addition of an aqueous suspension of GO (GO concentration in solution 0- 0.98 pg
ML), Aex™ 434 TN ..o 74

Figure 40 Decay of A) TMPyP*" fluorescence recorded in the absence (black) and
presence (blue) of GO (0.49 ug mL™"), prompt (red); Aex = 440 nm, kem = 693 nm, B)
ZnTMPyP*" fluorescence recorded in the absence (black) and presence (blue) of GO (0.19
ug mL1), prompt (red); hex = 440 nm, Aem = 650 DM ...coovvveeeeeeeeeeeeeeeeeeeeee, 75

Figure 41 Normalized fluorescence spectra of: A) TMPyP*" solution (black) and in the
presence of GO (0.72 ug mL™) (red), Aex=434 nm; B) ZnTMPyP*" solution (black) and
in the presence of GO (0.13 pg mL™) (red), Aex=447 NM.......oovrvrerireeereereneen 76

Figure 42 A) Normalized fluorescence excitation spectrum of the mixture of TMPyP*"
(1.2 uM) and GO (6.67 pug mL") Aex=434 nm (red), absorption spectra of TMPyP*" (1.0
uM) in the absence of GO (black) and with the presence of GO (6.67 ug mL™") (blue). B)
Normalized fluorescence excitation spectrum of the mixture of ZnTMPyP*" (1.5 uM) and
GO (6.67 ng mL™') Aex=447 nm (red) and absorption spectra of ZnTMPyP*" (1.0 uM) in
the absence of GO (black) and with the presence of GO (6.67 ug mL™") (blue)............. 76

Figure 43 Transient absorption spectra measured at different time delays for A)
TMPyP*" (5.0 uM) and B) TMPyP*/GO (porphyrin concentration 5.0 uM, GO
concentration 10 pg mL!) in water following the 422 nm laser excitation for A) and 437
nm laser excitation for B). Transient absorption spectra in B) were corrected for the
contribution from GO ItSelf.........ooiiiiiiiiii e 78

Figure 44 Absorption time profiles at 480 nm measured for TMPyP*'(green) and
TMPyP*/GO (black) following the 422 nm and 437 nm laser excitation, respectively 79

Figure 45 Transient absorption spectra registered at various time delays for A)
ZnTMPyP*" (8 uM) and B) ZnTMPyP*/GO (porphyrin concentration 8.0 uM, GO
concentration 10 pg mL!) in water following the 437 nm laser excitation for A) and 453
nm laser eXcitation fOr B) ........coouiiiiiiiiiiie e e 80

Figure 46 Transient absorption spectra registered at various time delays for GO (10 pg
L) ettt 81

Figure 47 Transient absorption spectra registered at various time delays for
ZnTMPyP*/GO (porphyrin concentration 8.0 uM, GO — 10 pg mL™) in water following
the 453 nm laser excitation without correction for the transient absorbance of the GO

182



Figure 48 Absorption time profiles at 710 nm measured for ZnTMPyP*" (red) and
ZnTMPyP*/GO (blue ) following the 437 nm and 453 nm laser excitation, respectively
(black line shows the two exponential decay fit).........ccoeceeviieiiieniiiiiierieeieee e, 83

Figure 49 Transient photocurrent in time for A) TMPyP*/GO and B) ZnTMPyP* /GO
under white light illumination (electrolyte: 0.1 M Lil in acetonitrile). On both, the red line
shows the photocurrent generated by GO.........cccueeeiiiiiiiiiiniiiiicie e 84

Figure 50 RhB photodegradation under visible irradiation (A>400 nm): control (black,
m), GO (brown, A), TMPyP*/GO composite (blue, ») and ZnTMPyP/GO composite
(G =1e TR 0 SRR RUSRRPRN 86

Figure 51 UV-Vis spectra of the aqueous solution of RhB with the addition of
ZnTMPyP*/GO as a photocatalyst during 25 h of vis-irradiation................c....ccceuvev.... 87

Figure 52 Chemical structures of TMAP*" and TMAP®" and corresponding photograph
of the porphyrin aqueoUs SOIULION .......cc.eeeciiiiiiiiieiie et 89

Figure 53 A) UV-Vis absorption spectra registered for the TMAP solution (7.56 pM)
during titration with 1M HCI. B) Fitting the Boltzmann function to the relationship
between absorbance at 411 nm (black) or 430 nm (red), and the pH value ................... 90

Figure 54 Absorption spectra of TMAP*" (black) and TMAP®" (red) in water (inset: Q-
band region of the SAMe SPECLIA) ......cecviiiiiiiieeiiiecieeee e e e 90

Figure 55 A) Absorption spectra recorded for an aqueous TMAP*" solution for various
porphyrin concentrations (ranging from0.19 uM to 3.5 uM); B) Normalized absorption
spectra for aqueous TMAP*" solution for porphyrin concentration 3.5 pM (black) and
0.19 uM (red); C) Dependence of the absorbance at the Soret band as a function of
TMAP* CONCENLIALION. .........cvovevereveceeeeeeeeeeeeee e, 92

Figure 56 Absorption spectra recorded during the process of titration of 3 mL of A) 1.1
uM aqueous solution of TMAP*" (pH 6.2) with 0.4 mg mL"! of GO dispersion (GO
concentration: 0-2.6 ug mL™); B) 1.1 uM aqueous solution of TMAP®" (pH 1.8) with 0.4
mg mL™! of GO dispersion (GO concentration: 0-2.6 ug mL™) .....ocoovovoiviiiiiiiicin 94

Figure 57 Absorption spectra recorded during the titration process of 3 mL of 0.24 uM
aqueous solution of TMAP®" (pH 1.8) with 3.0 mg mL"' of GO dispersion (GO
concentration: 0-12 pg mL™). Spectra were corrected for GO absorption..................... 95

Figure 58 Absorption spectra of the glass slide coated with GO (red), immersed in
aqueous solutions of TMAP*" (pH 6.2) (blue) and TMAP®" (pH 1.8) (black) for 20
minutes. The spectra were not corrected for the absorption of the GO film itself. Inset:
Images of the glass slide GO-film coated after immersion in aqueous solutions of (1)
TMAPH and (2) TIMAPS ..., 96

Figure 59 Absorption spectra of A) aqueous solutions (pH 6.2) of free TMAP*" (black),
TMAP*" with the addition of GO suspension (red) and spectrum of the supernatant after
centrifuging (blue); B) aqueous solutions (pH 1.8) of free TMAP®" (black), TMAP®" with
the addition of GO suspension (red) and spectrum of the supernatant after centrifuging

(BIUE) ettt et b bt ettt et naeen 97
Figure 60 Overlap of the normalized emission spectra of the A) TMAP*" and B) TMAP®*
with the normalized absorption spectra of graphene oXide .........cccceveeverviviinennicnnenne. 98

183



Figure 61 Raman spectra of TMAP*" (blue) and TMAP®" (red). The asterisk denotes
signals from the silicon substrate (519 cm™) ......ccooviiiiiiiieceeeeeeeeeeeeeeee, 99

Figure 62 Raman spectra of GO (black), TMAP*/GO (blue), and TMAP®"/GO (red)
hybrids excited at 532 nm. The asterisk denotes the signal from the silicon substrate (519
cm!). The spectra presented are baseline-corrected .............ocoovvreecrerccrccrrecennn 99

Figure 63 AFM images of A) TMAP*/GO and B) TMAP®"/GO with depth profiles 101
Figure 64 The FTIR spectra of the A) TMAP*" and B) TMAP*"/GO nanohybrid.......102

Figure 65 The TGA curves of the GO (black), TMAP (red), and TMAP*"/GO nanohybrid
(BIUE) ettt ettt ettt b et 103

Figure 66 A) Emission spectra recorded during addition of an aqueous suspension of GO
(GO concentration: 0-0.36 pg mL™!) to 0.3 uM TMAP*" in H,O at pH 6.2; B) emission
spectra recorded during the addition of an aqueous suspension of GO (GO concentration:
0-0.9 ug mL") to 0.08 uM TMAP®" in HoO at pH 1.8.....oooeeviieceeeieeeeeecee e 105

Figure 67 Normalized emission spectra of TMAP*" without the presence of GO (black)
and with the addition of GO (GO concentration: 0.36 pg mL™) (red).........cccooveveneee. 106

Figure 68 The normalized fluorescence excitation spectrum of TMAP*" (Aem=645 nm)
solution recorded with the addition of an aqueous suspension of GO (black), the
normalized absorption spectrum of TMAP*'in the absence of GO (red) and with the
Presence 0Ff GO (DIUC) ....eeeeiiiiiieiieieee et 107

Figure 69 The relationship between fluorescence intensities lo/Isr (In — fluorescence
intensity without GO, Ir — fluorescence intensity after addition of GO) and GO
concentration (black) and the relationship between fluorescence lifetimes to/t (to —
fluorescence lifetime without GO, t- fluorescence lifetime after addition of GO) and GO
concentration (red) for A) TMAP* and B) TMAP® .........cocooiiiieeeeeeeeeeeeeee 108

Figure 70 TMAP*" fluorescence decay recorded (Aex= 405 nm, Aqe=660 nm) in the
absence of GO (black line) and with GO (0.36 pg mL™") (red)........cccoovvvvieerennne. 109

Figure 71 Transient absorption spectra registered at various time delays for A) TMAP**
(2.7 uM) and B) TMAP*/GO (TMAP*" concentration 0.3 pM) in water (pH 6.2) after
laser excitation at 420 NIM.........coouirieiiiiieni ettt 110

Figure 72 Transient absorption decays recorded at 755 nm for the TMAP*" (black) and
TMAP*/GO nanohybrid (red) after 420 nm excitation in water under neutral conditions
(PH 6.2) ettt sttt a e 111

Figure 73 Transient absorption spectra obtained during laser flash photolysis (Aex=532
nm) of deoxygenated solutions of TMAP*" (black) and TMAP*" in the presence of GO
(0.3 pg mL) (red); time delay after flash: 100 NS .........c.coviveveveieeeeeeeeeeeeeeeeeees 112

Figure 74 Normalized recovery profiles of the bleach monitored at 410 nm for TMAP**
with no presence of GO (black) and TMAP*" with the presence of GO (concentration of
GO: 0.3 U ML) (TA) 1. 113

Figure 75 UV-Vis absorption spectrum of the ethanol-water (1:2 v/v) TAPP solution,
pH=7.0. (Inset: Q-band region of the same SPectrum)..........cccceeevueerireciienienieenieeieans 116

Figure 76 Absorption spectra of 17 uM TAPP solution in ethanol-water (1:2 v/v) during
acid-base titration in the range of pH values A) from 6.3 to 4.2 and B) from 3.5 to 2.9 (B).

184



C) Absorption spectra of 17 uM TAPP solution in ethanol-water (1:2 v/v) pH equal to 9.0
(black), 4.0 (blue) and 1.0 (Ted) .....ccouveeeeeiieeiiieeiieeeie et 118

Figure 77 Absorption spectra recorded during the process of titration of 3 mL of A)
ethanol-water (1:2 v/v, pH 7.0) solution of TAPP (7.8 uM) with 0.4 mg mL™' of GO
dispersion (0- 13 pg mL!), B) A ethanol-water (1:2 v/v, pH 7) solution of TAPP (8.1 uM
pH) with 0.4 mg mL"! of rGO dispersion (0- 18 ug mL™"). The spectra are corrected for
the GO/TGO aDSOTPLION......ectieiiiieiieeiie ettt ettt et aee e ssaeseseesaee e 119

Figure 78 Comparison of the absorption spectra of free TAPP (black), TAPP adsorbed
on GO (red), TAPP adsorbed on rGO (blue) (ethanol-water 1:2 v/v, pH 7.0) ............. 120

Figure 79 Dependence of the absorbance at 451 nm (black) and 456 nm (red) of TAPP
as a function of the concentration of rGO and GO, respectively........c.cccceevevieniiennnennee. 121

Figure 80 Absorption spectra recorded during the addition of an ethanol-water (1:2 v/v)
solution of TAPP to A) 100 ug mL"! GO in H,O (3 mL) and B) 13 ug mL™! rGO in H,O
(25101 5 TSRS 121

Figure 81 UV-Vis spectra of (A) free TAPP (black), TAPP after adding GO (red), and
the supernatant after centrifugation (blue); (B) free TAPP (black), TAPP after adding rGO
(red), and the supernatant after centrifugation (blue) .........ccceeevvieeiieeniiiinieeeiee e 122

Figure 82 Quenching of the fluorescence of the ethanol-water (1:2 v/v) solution of TAPP
(pH 7.0) recorded during the addition of A) an aqueous suspension of 0.30 mg mL' GO
(GO concentration: 0-8.0 pg mL™), Aex= 431 nm; B) an aqueous suspension of 0.88 mg
mL"! rGO (rGO concentration: 0-1.5 pg mL™), Aex=438 M .....vvvvvieceiece, 123

Figure 83 A) Quenching of the fluorescence of 2.0 uM TAPP (black) recorded after the
addition of 1.25 pg mL™! of an aqueous suspension of GO (red) and rGO (blue). The
spectra were corrected for the inner filter effect. B) Relationship between fluorescence
intensity lo/I (Io — If without GO/rGO, I — Ir after the addition of GO/rGO) and GO (red)
/rGO (black) concentration for TAPP.......cccooooiiiiiiiieeee e 124

Figure 84 Decay of (A) TAPP fluorescence recorded in the absence (black) and presence
(red) of GO (2.7 pg mL™); Aex= 440 nm, Aem= 672 nm, (B) TAPP fluorescence recorded
in the absence (black) and presence (red) of rGO (2.7 ug mL™); dex= 440 nm, Aem= 672
TIITY -ttt ettt et ht et h e e a e b et e b e et e b et ea bt e bt e e et e bt e e te e hn e e bt e nbeeeabeenaee e 125

Figure 85 Transient photocurrent in time for the TAPP/GO hybrid under white
illumination (electrolyte: 0.1M Lil in acetonitrile). The red line shows the photocurrent
ENETALEA DY GO ..t 125

Figure 86 Absorption spectrum of the aqueous solution of TSPP*, pH=7.0 (inset: Q-band
region of the SAME SPECLIUM)......oeiuiiiiiiiieiiieiieee et 131

Figure 87 Absorption spectra recorded during the process of titration of 3 mL of 1.7 uM
aqueous solution of TSPP* (pH=7.0) with 5.1 mg mL™! of GO dispersion (0 — 48 pg mL-
1) A) uncorrected and B) corrected for the GO absorption. The inset shows the same
spectra presented only in the Soret band region .........ccccveveeiiieiiiiieiiecce e 133

Figure 88 A) Quenching of the fluorescence of 0.2 uM TSPP* in water recorded during
the addition of an aqueous suspension of 0.14 mg mL™' GO (concentration of GO in
solution 0- 23 ug mL™), A= 420 nm; B) Relationship between fluorescence intensity

185



Io/1 (I — I without GO, I — Ir after the addition of GO) and GO concentration for TSPP*

Figure 89 Normalized steady-state fluorescence spectra of TSPP* without the addition
of GO (black) and with GO at concentration of 23 pg mL ' (red)........cococoovvrrrinnnne. 135

Figure 90 Decay of the fluorescence of TSPP* (0.3 uM) in water (pH=7.0) recorded in
the absence (red) and presence (green) of GO, prompt (grey); Aex = 420 nm, Aem = 644 nm

Figure 91 Relationship between fluorescence intensity lo/I (Io - Ir without GO, I - Ir after
addition of GO) and GO concentration for TSPP* (black) and the relationship between
fluorescence lifetime 1o/t (10 - fluorescence lifetime without GO, 1 - fluorescence lifetime
after addition of GO) and GO concentration for TSPP* (ted)........ocoovvveiiiiiiiann. 136

Figure 92 The overlap of the TSPP* emission spectrum (red) with the graphene oxide
absorption spectrum (DIack) ........cccuiiiiiiiiiiiieie e 137

Figure 93 Transient photocurrent in time for TSPP/GO under white light illumination
(electrolyte: 0.1 M Lil in acetonitrile). The blue line shows the photocurrent generated by

GO ALOMEC ...ttt ettt et b et 138
Figure 94 Photovoltage response SnO2-FTO electrode covered with TSPP/GO film under
white light illumination (electrolyte: 0.5 Lil in @ Can) .......ccceeeeveeevveeecieeeieeeiie e 139
Figure 95 Structural models for (a) H-type and (b) J-type aggregates'®”.................... 140
Figure 96 TEM images of sample 1 .......ccccooiiiiniiiiiiiniiieccceeee e 143
Figure 97 TEM images of Sample 2 .......cccooouiiiiiiiniiiienieieceeceee e 143
Figure 98 TEM images of sSample 3 .......cccoviiiiiiiiiiecieeceece e 144

Figure 99 TEM images of rod-shaped structures of TSPP obtained in two separate
synthesis processes (sample 1 conditions; pH=7.0, stirring time: 10 minutes, sample was
left over the night after centrifuging): A,B) first batch and C,D) second batch............ 145

Figure 100 A) TEM images of the TSPP nanostructures synthesized under temperature
conditions: 4°C and B) the UV-Vis spectrum of their solution in THF........................ 145

Figure 101 A) TEM images of TSPP nanostructures synthesized under temperature
conditions: 22°C and B) UV-Vis spectra of two independent prepared samples in THF

Figure 102 A) TEM images of TSPP nanostructures synthesized under temperature
conditions: 50°C and B) UV-Vis spectra of two independently prepared samples in THF

Figure 103 Absorption spectra of obtained TSPP nanostructures in THF. The red lines
show the spectra recorded after 1 hour and the dotted line shows the absorption spectrum
of the molecular form TSPP* for COMPATiSON ...........coevevveeeeeereieeeeseeeeeee s 147

Figure 104 Absorption spectra recorded during the titration process of 3 mL of THF
solution of TSPP-structures with 0.2 mg mL™! of GO dispersion in THF (0 — 8 pg mL™")
uncorrected for the GO abSOTPLION.........ccvieriiiiiiieriieeiieie et 148

186



Table of Schemes

Scheme 1 Exemplary applications of graphene-based materials”?>3..............cccocveven. 6

Scheme 2 Schematic StruCture OFf GO ... .. e 7

Scheme 3 Schematic illustration of the preparation of GO with covalently and non-
covalently linked porphyrin. Conditions for covalent functionalization were taken

RO L.ttt naen 8
Scheme 4 Exemplary applications of porphyrins and metalloporphyrins...................... 10
Scheme 5 Representation of the f and meso positions in free-base porphyrin.............. 11
Scheme 6 The properties of hybrid materials (porphyrin/GBM) ..........cccccvevvreiiennnnnne. 16

Scheme 7 Excited state dynamics of ZnTMPyP-GC (CT- charge transfer, CR -charge
recombination). Adapted from ref [81] with permission from the PCCP Owner Societies
(020 ) TSP 26

Scheme 8 Illustration of the concept of RhB photodegradation in the system containing
the non-covalent Por/GO hybrid...........ccceeiiiiiiiiiiiiiiiiee e 65

Scheme 9 Proposed mechanism for RhB photodegradation by porphyrin/GO
nanohybrids (porphyrin = TMPyP*", ZnTMPYP*) .....c.cooviiiiiieeeeeeeeeeeeeeenn 88

Scheme 10 Possible deactivation paths of the excited states of free TMAP and
nanohybrid TMAP/GO discussed in the text (FI- fluorescence, ET - electron transfer)
...................................................................................................................................... 113

Scheme 11 Molecular structure and ionic equilibria of 5,10,15,20-tetra(4-aminophenyl)
porphyrin. pK,’ values were determined experimentally. Photographs of ethanol-water
(1:2 v/v) solutions of: A) TAPP, B) TAPPH,?*, and C) TAPP*Ho>" ..o 117

Scheme 12 The binding energy (Eving) decomposition scheme used to break down the
energetic effect of nanohybrid formation into three energetic components: geometric
deformation of the substrates, as well as interaction energy of the deformed substrates
T TSP 127

Scheme 13 Ionic equilibria of TSPP porphyrin. pKa’ values were taken from the
THEETATUIE % ...t 130

Scheme 14 Schematic illustration of the acid-base neutralization-based surfactant-
assisted self-assembly method for the TSPP nanorod synthesis process...................... 142

187



Table of Tables

Table 1 Exemplary graphene properties........cceeeveevierieeiienieeiiienieeieeniie e esiee e e 6
Table 2 Exemplary absorption properties of the free porphyrins and porphyrins adsorbed
non-covalently on GBM ..........oooiiiiiiiiiiec e 21
Table 3 Exemplary porphyrin/GBM with their application in photocatalysis!®.......... 26

Table 4 Comparison of the H> evolved under 5h UV—Vis light irradiation using various
photocatalysts: P25—TiO,, rGO/Pt, TPPH/Pt and TPPH/rGO/Pt (given in mmol g!)’¢.27

Table S Solvents used for preparing solutions of different porphyrins............cc.cc........ 35
Table 6 Comparison between static quenching and dynamic quenching....................... 45

Table 7 Summary of the absorption properties of TMPyP*" and ZnTMPyP*" in water as
a free molecule and adsorbed on the surface of GO .........oceviiiiiiiiiiiiiiinc, 69

Table 8 Zero-zero transitions of the singlet excited state of TMPyP*" and ZnTMPyP**,
their oxidation potentials, and estimated driving force of the electron transfer reaction
VATUCS ..ttt ettt ettt ettt e en 77

Table 9 Results of the elemental analysis of the GO and nanohybrid TMAP*/GO....103

Table 10 Excitation and detection wavelengths and fluorescence lifetime of TMAP*" and

TIMAPS ettt ettt 108
Table 11 UV-Vis absorption band positions for different forms of 5,10,15,20-tatra(4-
aminophenyl) porphyrin: TAPP, TAPPH>?" and TAPP* H2*"......coccooviviveieiie 117
Table 12 Absorption properties of the free TAPP and TAPP adsorbed on GO and rGO
(PHTT.0) 1ottt sttt sttt e re e 120
Table 13 Porphyrin content in the TAPP/GO and TAPP/rGO nanohybrid.................. 122

Table 14 Binding energy related to nanohybrid formation and its decomposition
according to the scheme presented (Scheme 12). All values are expressed in kcal mol’!

OO OO OSSOSO 127
Table 15 Zero-zero transitions of the singlet excited state of TSPP, its oxidation potential,
and the driving force of the electron transfer reaction values.........c..ccoceeverieniencnnene. 137
Table 16 Detailed synthesis conditions for each sample of TSPP nanostructures....... 142

Table 17 Summary of the absorption properties of TMPyP*", ZnTMPyP*", TMAP*"
TMAP®", TAPP and TSPP* in water as a free molecule and adsorbed on the surface of
GBM (GO OF TGO ..ottt ettt e e e e ae e e eabe e e ease e etaeeeans 151

Table 18 The GBM (GO or rGO) concentration required to quench 50% of the intensity
of porphyrin emission in the investigated nanohybrids ...........ccccocenieiiniiniininienene 152

Table 19 fluorescence time (together with excitation and detection wavelength for
investigated porphyrins (TMPyP*", ZnTMPyP*", TMAP* TMAP®*, TAPP and TSPP*)

188



