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ABSTRACT

Master’s Thesis

SYNTHESIS AND CHARACTERIZATION OF PORPHYRIN-BASED
PHOTOSENSITIZERS FOR PHOTODYNAMIC THERAPY

Can AKMAN

Ankara University
Graduate School of Natural and Applied Sciences
Department of Biomedical Engineering

Supervisor: Prof. Dr. Hilal GOKTAS

Photodynamic Therapy (PDT) is a non-invasive method that provides better cosmetic
outcomes than conventional treatments in skin cancers and can also be used in elderly
patients; however, its effectiveness is limited due to the restricted tissue penetration of
light, the absorption of melanin at wavelengths like those of the photosensitizer, and
aggregation-induced changes in the optical properties of photosensitizers. In this thesis
study, porphyrin-based copolymer thin films were synthesized using the Plasma-
Enhanced Chemical VVapor Deposition (PECVD) method to overcome these limitations.
Tetraphenylporphyrin (TPP) was copolymerized with the electron-donating monomers
thiophene and pyrrole, and TPP-co-Thiophene/TPP-co-Pyrrole thin films were obtained
in their pure forms without the use of any solvents.

As a result of the Ultraviolet-Visible spectroscopy analysis, it was determined that the
TPP-co-Thiophene copolymer thin films exhibit absorption at a wavelength of 655 nm
with an approximately 10 nm bathochromic shift in the Soret and Q bands. This critical
finding indicates an increase in the conjugation length and demonstrates that light
absorption in the visible region is enhanced in accordance with the objective of deep
tissue penetration and will be less affected by the optical masking of melanin pigment. In
TPP—co-Pyrrole films, the high reactivity and volatility the Pyrrole monomer resulted in
a matrix-dominant structure that overshadowed the optical features of TPP. Considering
the obtained data from other characterization methods, it has been demonstrated that the
PECVD method is an effective technique for producing solvent-free photosensitizer films
with homogeneous morphology and tunable optical properties suitable for PDT
applications.

January 2026, 67 pages

Key Words: Photosensitizer, Plasma-Assisted Chemical Vapor Deposition, Skin
Cancer, Porphyrin, Thin Film, Conjugated Polymers



OZET

Yiiksek Lisans Tezi

FOTODINAMIK TERAPI ICIN PORFIRIN BAZLI FOTOSENSITiZERLERIN
SENTEZ VE KARAKTERIZASYONLARI

Can AKMAN

Ankara Universitesi
Fen Bilimleri Enstitiisti
Biyomedikal Miihendisligi Anabilim Dali

Danisman: Prof. Dr. Hilal GOKTAS

Fotodinamik Terapi (FDT), cilt kanserlerinde gelencksel tedavilere kiyasla daha iyi
kozmetik sonuclar sunan ve yasl hastalarda da uygulanabilen non-invaziv bir yontemdir;
ancak etkinligi, 15181n dokuya smirli penetrasyonu, 1518in fotosensitizerlerin dalga
boylarina benzer dalga boylarinda melanin tarafindan sogurulmasi ve fotosensitizerlerin
optik Ozelliklerinde agregasyona bagli degisimler nedeniyle kisitlanmaktadir. Bu tez
calismasinda, bu smirlamalarin agilmasi amaciyla porfirin bazli kopolimer ince filmler
Plazma Destekli Kimyasal Buhar Biriktirme (PDKBB) yontemi kullanilarak
sentezlenmistir. Tetrafenilporfirin (TPP), elektron verici monomerler olan tiyofen ve
pirol ile kopolimerize edilmis ve herhangi bir ¢6ziicii kullanilmadan saf formda TPP-ko-
Tiyofen / TPP-ko-Pirol ince filmleri elde edilmistir.

Ultraviyole—Goriiniir  bolge  spektroskopisi  analizi  sonucunda, TPP—ko-Tiyofen
kopolimer ince filmlerinin Soret ve Q bantlarinda yaklasik 10 nm’lik bir batokromik
kayma ile 655 nm dalga boyunda sogurum gosterdigi belirlenmistir. Bu kritik bulgu,
konjugasyon uzunlugunun arttigini ve goriinlir bolgede 151k emiliminin, derin doku
penetrasyonu hedefi dogrultusunda iyilestigini ve melanin pigmentinin optik maskeleme
etkisinden daha az etkilenecegini gostermektedir. TPP—ko-Pirol filmlerinde ise pirol
monomerinin yiikksek reaktivitesi ve ugcuculugu, TPP’nin optik 6zelliklerini baskilayan,
matris dominant bir yapmin olugmasina neden olmustur. Diger karakterizasyon
yontemlerinden elde edilen veriler de dikkate alindiginda, PDKBB yonteminin, FDT
uygulamalarina uygun, homojen morfolojiye ve ayarlanabilir optik 6zelliklere sahip
¢cOziicii igermeyen fotosensitizer filmler iiretmek i¢in etkin bir teknik oldugu
gosterilmistir.

Ocak 2026, 67 sayfa

Anahtar Kelimeler: Fotosensitizer, Plazma Destekli Kimyasal Buhar Biriktirme, Cilt
Kanseri, Porfirin, ince Film, Konjuge Polimerler
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1. INTRODUCTION

The incidence of skin cancers is increasing in our country and around the world. Current
treatment methods have side effects that are difficult to avoid and cosmetic consequences
that cause concern in people's daily lives. Currently, the treatment methods used in the
literature include surgical intervention, radiotherapy, chemotherapy, photodynamic
therapy (PDT), immunotherapy, and chemical skin cleansing (National Cancer Institute,
2021). With economic and sociocultural developments, patients are looking for
treatments with minimal side effects and satisfactory cosmetic results. Especially in
elderly patients where surgical intervention is very limited or in cases where the patient
Is hesitant, the availability of alternative treatment methods is an important factor in the
treatment and recovery processes of patients. The harmful effects of these other methods
not only on cancerous tissues but also on healthy tissues limit patients' choice of the right

treatment in today's conditions.

PDT has been approved worldwide as a treatment modality for pre-malignant and
malignant non-melanoma skin cancers due to its non-invasive procedure, increased tumor
selectivity, good cosmetic results and broad treatment spectrum. PDT offers treatment
based on the principle of light and its absorption under tissue. The treatment uses
photosensitizing agents that react (absorb) to light of a specific wavelength sent from
outside when delivered under tissue. These agents are sensitive to different wavelengths
depending on the location of the cancerous structures under the tissue. The light source
used can also reach different distances under the tissue depending on the wavelength, for
example, wavelengths of 630-700 nm in red light therapy, 540-570 nm in green light and
400-450 nm in blue light therapy (Broekgaarden et al., 2022; Dougherty et al., 1998).

However, the inadequate sub-tissue penetration of photosensitizers (PS) after topical
application of PDT to the treatment area and the wavelength at which they are stimulated
is around 600 nm limit the widespread use and efficacy of the treatment. PSs have limited
skin penetration due to their physicochemical properties and can currently only be used
in superficial lesions. The fact that the absorption wavelength of clinically approved PSs

is around 600 nm affects the tissue penetration of light, and this again causes the treatment



to remain superficial. At the same time, the fact that the PS used, and melanin pigment
absorb in a similar spectrum significantly reduces the effectiveness of the treatment in
melanoma cancer, pigmented basal cell carcinoma and people with dark skin tone. The
reason for this is that melanin can act as an optical shield preventing light penetration into
the lesion, as melanin is known to be a dominant absorber at wavelengths between 500
600 nm (Sharma et al., 2015). In this case, it can be stated that in melanoma, light
transmittance in the presence of melanin occurs only at wavelengths above approximately
650 nm. Many commercially available photosensitizers, such as Photofrin and Chlorin
e6, belong to the porphyrin-based family, which will also be used in this thesis, and
demonstrate their effectiveness when stimulated at the 630 nm level. In the context of
melanoma treatment, the effectiveness of PSs is significantly hindered due to melanin-

induced interaction (Juvekar et al., 2024).

By copolymerizing the two basic materials to solve the mentioned problem, the high
wavelength absorption of PSs enabled the treatment of deeper, cancerous tissues without
damaging healthy tissues. In a study conducted in 2022, it was shown that thin films of
tetraphenylporphyrin (TPP) molecule produced by spin coating method were unstable
when exposed to water, but thin films produced by physical vapor deposition method
were stable in aqueous media (Gibbons et al., 2022). In this thesis, TPP copolymer was
purely coated without solvent using plasma-containing methods based on the Chemical
Vapor Deposition (CVD) system and its efficiency was measured. The coatings produced
by PECVD consist of nanometer thin films of copolymerized TPP-co-pyrrole and TPP-
co-thiophene molecule. Thanks to the ionized excitation and polymerization mechanism
provided by the plasma, it formed cross-links on the coated surface. Since this cross-
linked structure has high stability and integrity compared to other known bond types, it
was prevented from separating or dissolving on the surface it bonds (Ravve, 2013;
Shabbir et al., 2019). Copolymer thin film synthesis was performed by Plasma Enhanced
Chemical Vapor Deposition (PECVD) method. Synthesis details and properties were
detailed in this and the following sections. The vapor deposition method is a method used
to deposit the targeted monomer material as thin films on the desired surface without
using any 'solvent' in the film synthesis and polymerization process in the system
(Dianatdar et al., 2023). With the plasma power used at different levels in the PECVD



method, the monomer molecules delivered to the system were excited to high energy
levels. As a result of this excitation, the monomer molecules, which become unstable,
radicalic and fragmented, formed polymerized structures by bonding with each other at

different chain lengths to return to the stable structure (N. K. Jain et al., 2017).

The main objective of this thesis is to produce materials that absorb at longer wavelengths
than conventional photosensitizers for use in photodynamic therapy in pigmented
cancers. Two main limitations were addressed by attempting to red shift the absorption
wavelengths of photosensitizers: (1) the penetration of light into the skin, and (2) the
competition between the absorption spectrum of melanin pigment and that of
conventional photosensitizers. At the same time, the photosensitizers were synthesized in
a polymerized thin-film form to mitigate the aggregation-caused quenching (ACQ) effect.
In this context, PECVD, a solvent-free and “green” fabrication method, was employed to
enable the synthesis of pure materials. Tetraphenylporphyrin (TPP), a porphyrin
derivative currently used in photodynamic therapy, and the electron-donating monomers
pyrrole and thiophene were used to polymerize TPP. As a result, TPP-co-thiophene and
TPP-co-pyrrole thin films were successfully fabricated and characterized. To evaluate the
optical performance of the synthesized photosensitizers, UV-Vis analyses were
conducted, and a 10 nm red shift was achieved in the TPP-co-thiophene films, resulting

in absorption at 655 nm.



2. LITERATURE REVIEW
2.1 Skin Cancers

Skin cancer is a serious health problem that is prevalent, has an increasing incidence, and
imposes a substantial financial burden on society (Siimen et al., 2018). Non-melanoma
skin cancers (NMSC), such as squamous cell carcinoma (SCC) and basal cell carcinoma
(BCC), are the most common malignancies in the United States (Figure 2.1).
Approximately 3.5 million new cases are diagnosed annually, and the incidence is
steadily increasing. Basal cell carcinoma constitutes the vast majority of NMSC,
accounting for 75% of all NMSC cases, while SCC accounts for 20% (Neville et al.,
2007). Although melanoma is relatively rare, it is the deadliest form of skin cancer. In the
United States, approximately 60,000 people are diagnosed annually, while 8,600 people
lose their lives to this disease. Skin cancers impose a financial burden during the treatment
phase and lead to a loss of workforce (Kasap et al., 2015). A study conducted by Zoe Kao
and colleagues in the USA in 2022 revealed that the prevalence and cost of skin cancer
treatment are at significant levels; it affects 6.1 million U.S. adults with a total annual
cost of $8.9 billion, and these figures are increasingly rising (Kao et al., 2023). Figure 2.1
shows the cancer incidence rates in the USA. Of the 6 million new cancer cases in the

USA, 5.4 million are non-melanoma skin cancers (Gareau et al., 2017).
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Figure 2.1 Cancers and rates in the USA (Gareau et al., 2017)

Eighty percent of skin cancers are diagnosed in patients aged 55 and older. A significant
increase in the incidence of skin cancers has been observed in conjunction with the

progressive aging of the European population. This increase is evident across all age
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groups, regardless of gender (Cigzynska et al., 2021). Non-melanoma skin cancers are
the most common cancers among the caucasian population, and their incidence is rising
globally. Melanoma, one of the most dangerous and lethal forms of skin cancer, is
considered resistant to both radiotherapy and chemotherapy. Melanoma has become a
significant public health issue due to its continuously increasing incidence over the last
few decades and a 5-year survival rate that remains below 5%. While detection of the
disease at an early stage can increase the chances of successful treatment, late-stage
metastatic disease that has spread to other organs carries a poor prognosis, with a median
survival time of less than 10 months. Melanoma is the cancer type with the most rapidly
increasing incidence among all cancers (Kalal et al., 2017). Globally, 65,000 people die

from skin cancers annually (Simdes et al., 2015).

2.1.1 Melanoma in Tiirkiye

Melanoma occurs with the malignant transformation of melanocytes and is considered a
neural crest neoplasia. It is rare compared to BCC and SCC but is very important due to
its high mortality. It is the most aggressive and has the highest mortality among all skin
cancers. Embryologically, melanocytes originate from the neural crest and colonize the
skin, eyes, and various tissues during development. Benign proliferation of melanocytes
is frequently seen and results in melanocytic nevi. However, with the presence of various
mutations, aberrations, translocations, and deletions, malignant transformation to various

melanoma types can occur.

Data regarding the epidemiological data and clinical features of melanoma in our country
are limited. According to Turkey Cancer Registry Centers data, the number of cases
diagnosed with cutaneous melanoma was reported to be 330 in 2011, 620 in 2012, 681 in
2013, 610 in 2014, and 618 in 2015, totaling 2859 between the years 2011-2015. The
2015 cutaneous melanoma incidence in our country was determined to be 1.5/100,000
person-years in men and 1.4/100,000 person-years in women (Acer and Kaya Erdogan,
2019). In a single-center study conducted in our country where 19-year records were
evaluated, frequently seen melanoma types were listed as superficial spreading melanoma

(37.9%), lentigo maligna melanoma (31.64%), acral lentiginous melanoma (19.32%), and



nodular melanoma (6.76%). It was reported that the most frequently involved area was
the head and neck region (34.78%) (Abali et al., 2015). In multi-center studies reported
from our country, however, it was determined that the most frequently involved areas
were the lower extremities and head-neck region respectively, and the most common
subtypes were superficial spreading melanoma and nodular melanoma respectively.
Furthermore, the male/female ratio was reported as 1.15, and the average age of diagnosis
as 56.7. In the same study, only 8% of melanoma cases were determined to be in situ

melanoma, and 92% as invasive melanoma (Gamsizkan et al., 2014).

2.1.2 Treatment methods for pigmented skin cancers and their limitations

Along with economic and social developments, the search for good cosmetic outcomes
in treatments is increasingly rising. Research and development activities continue for
tumor treatments that have lower recurrence rates, less pain, fewer side effects, and do
not cause resistance after multiple treatments (Lu et al., 2014). Current skin cancer
management strategies encompass a range of options including surgical interventions,
radiotherapy, systemic chemotherapy, and topical pharmacological treatments. Treatment
choice is influenced by various factors such as the location, size, and histological subtype
of the tumor, the patient's general health, and the dermatologist's experience (S. Kim et
al., 2023). The advantages and disadvantages of the treatments are given in Table 2.1.
Radiotherapy and systemic chemotherapy are generally preferred in advanced cases or
situations where surgery is not suitable (Souto et al., 2022). Although the surgical method
is the gold standard for NMSC treatment, many patients are concerned about aesthetic
effects in visible areas such as the face (E. H. Lee et al., 2016). Furthermore, radiotherapy
has disadvantages such as high treatment frequency and long treatment duration, and has
side effects such as dermatitis, hair loss, and skin thinning (Khong et al., 2020).

Chemotherapy, on the other hand, is a systemic treatment that affects the whole body. It
can also affect healthy cells and cause various side effects. Common side effects include
increased sensitivity to sunlight, skin discoloration or scarring, increased risk of infection
(due to a decrease in antibody count), easy bruising or bleeding (due to a decrease in
platelet count), fatigue or dizziness (due to a decrease in red blood cell count), alopecia



(hair loss), loss of appetite, dryness at nail edges, diarrhea and constipation, nausea, and
vomiting (Satyanarayana Reddy Karri et al., 2017). Mohs micrographic surgery is a
special excision method that provides the lowest recurrence rate for both primary and
recurrent tumors in the treatment of high-risk non-melanoma skin cancers, but it is not
routinely applied in Turkey (El¢in, 2015a). The disadvantages of the method are that it is
a time-consuming and labor-intensive procedure. The success of the method is closely
related to the experience of the doctors performing the excisional biopsy and evaluating
the pathology, as well as the experience of the histotechnician preparing the horizontal
frozen sections (Elgin, 2015b).

Additionally, methods such as curettage and electrodesiccation and cryotherapy are not
suitable for the treatment of tumors in cosmetically sensitive areas and may cause
permanent disfigurement (Kauvar et al., 2015). In a study conducted by Sotiriou et al. in
2015 with 44 patients with BCC, SCC, and actinic keratosis, imiquimod 5% cream was
compared with Photodynamic Therapy. While no significant difference was found in
treatment efficacy between them, the treatment preference of 59.09% of the patients was
in favor of PDT. Furthermore, it was observed that patients preferred PDT as their choice

for future treatment (Sotiriou et al., 2015).

Table 2.1 Comparison of treatment methods (Firnhaber, 2012; Kauvar et al., 2015; Kong
and Chen, 2022)

Treatment Advantages Disadvantages
Curettage and Minimal equipment requirement, Lack of histological margin control; slow healing;
Electrodesiccation, = normal tissues are preserved. suboptimal scarring; intensive wound care
Cryotherapy required.
Excision Histological margin control; rapid @ Deficiency in the preservation of healthy tissue
healing. (requires removing a margin of healthy skin).
Mohs Surgery Microscopic margin control; | High cost; low accessibility/availability.
preservation of healthy tissue; high
cure rate.
Radiotherapy Applicable when surgery is not = High cost; frequency of treatment sessions;
possible. unsuitable for young patients; higher probability of
recurrence compared to other methods.
Photodynamic Local treatment; good cosmetic —Low depth of tissue and light penetration.
Therapy results; minimal damage to healthy

tissue; no development of resistance
in the tumor.



2.2 Photodynamic Therapy as a Therapeutic Modality

Considering all these limitations, photodynamic therapy has been approved worldwide
for treating superficial non-melanoma skin cancers due to its non-invasive procedure,
increased tumor selectivity, good cosmetic outcomes, and broad treatment spectrum
(Morton et al., 2019; Vianna Lopez et al., 2004). However, the use of PDT in melanoma
treatment is limited for various reasons, and this study aims to provide a solution to these

limitations.

In a 10-year study conducted between 2003 and 2013, more than 550 patients with a mean
age of 72 were treated with Methyl aminolevulinate (MAL)-PDT. The patient population
consisted of 67% with actinic keratosis (AK), 27% with BCC, and 4% with Bowen's
disease (BD). As a result of a mean follow-up of 5.5 years, 99.5% of the lesions were
cleared. The study demonstrated the superiority and low recurrence rate of MAL-PDT in
treating AK, BCC, and BD (Brito et al., 2016).

Many studies have shown that PDT, not only alone but also in combination therapies with
methods such as imiquimod, standard surgical excision, CO> laser, and radiotherapy,
increases efficacy, improves cosmetic outcomes, and reduces side effects by lowering the
radiation dose used in methods like radiotherapy (Cai et al., 2015; Lu et al., 2014; Nakano
etal., 2011; Sotiriou etal., 2011; Zhang et al., 2018). Furthermore, in a study investigating
the neoadjuvant use of PDT in 33 BCC and 26 SCC patients, it was observed that 22
patients recovered without the need for surgical intervention, and a mean reduction of
88% was seen in the lesions of the remaining patients. With this study, it was
demonstrated that neoadjuvant PDT can significantly reduce tumor burden and allow for

less morbid surgical excisions with histologically clear margins (Jeremic et al., 2011).

2.2.1 Photochemical mechanisms of PDT

In photodynamic therapy, photosensitizers, visible light, and oxygen are three
fundamental components, and the combined use of these three causes tumor necrosis

(tissue death) and apoptosis (programmed cell death). The working principle is simply
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shown in Figure 2.2. The PS is excited at specific wavelengths containing the absorption
peaks of a PS in visible light, usually containing red or blue light, near-infrared light
(NIR), and even sunlight. Several photo-processes occur immediately after photon
absorption, but the most probable deactivation pathway is the relaxation of the initial

excited state to the lowest vibrational energy level.

photosensitizer

Figure 2.2 Overview of PDT. Following photosensitizer administration it undergoes
systemic distribution and selectively accumulates in the tumor. lllumination
activates the photosensitizer and in the presence of molecular oxygen triggers
a photochemical reaction that culminates in the production of 'O
(Wachowska et al., 2011)

This very fast process (10 s) is defined as either internal conversion or vibrational
relaxation. An excited molecule resides in the lowest excited singlet state on the order of
nanoseconds before returning to the ground state. If the relaxation from this excited
singlet state is accompanied by a photon emission, fluorescence occurs. Another
relaxation pathway involves the occurrence of a non-radiative process known as

intersystem crossing toward the lowest excited triplet state.

The photosensitizer in the excited triplet state (PS*) undergoes two types of reactions. In
the Type | reaction, the excited PS reacts with biomolecules to produce superoxide anion
radical (O2-—) and hydroperoxyl radical (HOz-) via electron transfer. Oz-— undergoes
disproportionation to form hydrogen peroxide (H20-), which is the precursor of the highly

reactive hydroxyl radical (OH-). OH- is chemically extremely reactive to almost all



biological molecules. In the Type Il reaction, the excited PS produces singlet oxygen
(*0,) through direct energy transfer to molecular oxygen. Singlet oxygen is highly
reactive, like the hydroxyl radical, as illustrated in Figure 2.3. Both reactions can occur
simultaneously, and the reaction rate depends on the type of PS used and oxygen
concentrations. However, the Type Il reaction is the primary mechanism of o.-dependent
PDT (Castano et al., 2004; Ding et al., 2011; Zhuang et al., 2020).

Cited sl ngiet siaie
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Figure 2.3 Type | and type Il reactions in PDT (Calixto et al., 2016)

The generated reactive oxygen species (ROS) cause cell death via apoptosis or necrosis.
The antitumor effects of PDT consist of three main mechanisms: direct cytotoxic effect
on tumor cells, damage to the tumor vasculature, and stimulation of systemic immunity.
The contribution of these mechanisms depends on the type and dose of PS used, the time
between PS application and light exposure, light intensity and wavelength, and oxygen
concentration. Therefore, a coordinated interdisciplinary effort is required to determine
optimal PDT conditions (Agostinis et al., 2011).

2.3 Traditional Photosensitizers and Limitations

Hematoporphyrin and its derivatives are the first generation of PS. Hematoporphyrin was
isolated by Schere in 1841 from the hemoglobin of red blood cells via treatment with

concentrated sulfuric acid. Later, hematoporphyrin was further purified in the form of
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photofrin. The first generation of PS was widely used clinically in the treatment of
different cancers. However, there were some limitations and disadvantages such as low
chemical purity, short wavelength of absorbed light, long half-life, and high accumulation
in normal tissues, which led to a toxic effect on tissues directly related to the level of

photosensitivity (Gelfuso et al., 2011).

Second-generation PSs were developed in terms of purity, long-wavelength absorption,
photosensitivity, and tissue selectivity. Second-generation PSs overcame several serious
disadvantages that arose from the use of first-generation PSs. First-generation PSs are not
very specific to cancer cells and tend to accumulate in normal tissues as well. First-
generation PSs are not cleared rapidly from the human body and lack sensitivity. Second-
generation PSs are more effective and technically superior to first-generation PSs. Most
second-generation PSs are based on porphyrin and chlorin structures. Second-generation
PSs are excited at a long wavelength; therefore, they offer treatment opportunities with
higher efficacy along with deeper light penetration. Third-generation PSs are being
developed but are currently not efficient. They focus on tumor selectivity and photo-
activation at long wavelengths. Topical application of PSs is suitable for the treatment of
skin tumors with PDT as it delivers the drug to the pathological site, increasing the local
bioavailability of the PS and reducing the occurrence of systemic side effects during
treatment (Pucelik et al., 2016; Rocha et al., 2015; Gelfuso et al., 2011).

2.3.1 Wavelength dependence and tissue penetration in PDT

However, one of the major limitations in skin cancer treatment with photodynamic
therapy is the penetration depth of light. Figure 2.4 shows the relationship between light
wavelengths and skin penetration. In conventional Photodynamic Therapy, a prodrug,
aminolevulinic acid (ALA), or its methyl ester, methyl aminolevulinate, is used, but they
have some disadvantages. Since ALA is a prodrug, it has a long incubation period. After
an incubation period of approximately 3 hours, the metabolic product protoporphyrin IX
(PpIX) accumulates in the cell mitochondria. PplX is activated by light at specific
wavelengths (PplX has absorption peaks at 405, 510, 545, 580, and 635 nm). The Soret

band of PpIXis 405 nm, but a light source of 635 nm is generally used in clinics for the

11



purpose of deep light penetration. Following light exposure, reactive oxygen species
(ROS) via the Type I reaction and singlet oxygen via the Type Il reaction cause cell death.
The depth is 1-2 mm with blue light and 1-6 mm with red light, which limits the use of
PDT to more superficial skin lesions (C. N. Lee et al., 2020).

i

1

2

Figure 2.4 The relationship between the wavelength of light and skin penetration depth
(C. N. Lee et al., 2020)

Additionally, in topical ALA-PDT applications, the tissue distribution of porphyrins
induced by ALA is not homogeneous (Fritsch et al., 1998). There are many variables
regarding the local bioavailability of PplX. These include irregular ALA skin penetration,
dependence on the amount of prodrug able to cross the skin, and the heterogeneous
distribution of ALA-induced PplX in the tumor. Therefore, the direct application of a PS
instead of a prodrug may be advantageous, as the drug will already be photosensitive and
will not be dependent on skin metabolism for conversion into an active molecule (Gelfuso
etal., 2011).

Another disadvantage of the absorption peaks of conventional PDT agents being around
600 nm causes melanoma treatment to be resistant to PDT. The absorption spectrum of
melanin is shown in Figure 2.5. The melanin pigment has been reported to be responsible
for resistance to PDT in melanoma. The reason for this is that melanin can act as an
optical shield preventing light penetration into the lesion, as melanin is known to be a

dominant absorber at wavelengths between 500-600 nm (Sharma et al., 2015). In this
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case, it can be stated that in melanoma, light transmittance in the presence of melanin
occurs only at wavelengths above approximately 650 nm. Additionally, pigmented BCC
responds more inefficiently to treatment due to light absorption by melanin (Lucena et
al., 2015). For this reason, within the scope of this study, we aimed to shift the absorption

peaks of 5,10,15,20-(Tetraphenyl)porphyrin to near infrared regions.
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Figure 2.5 Absorption spectrum of melanin (Ross et al., 2009)

2.4 Conjugated Polymers for PDT

Various molecules such as porphyrins, chlorins, methylene blue, and phthalocyanines
have been developed for PDT, and some porphyrin and chlorin derivatives have been
systematically used in clinical applications. However, their mediocre light-harvesting
capacities lead to limited singlet oxygen generation in tumor regions, and this situation
hinders their use in clinical treatments. Therefore, increasing the photosensitization
efficiencies of PSs is quite important for improving PDT efficacy. Conjugated polymers
are a class of macromolecules possessing m—m conjugated systems in their chains, which
enhances their light-harvesting capabilities compared to small molecule structures. This

molecular wire effect is a characteristic of conjugated polymers, where excitons can
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migrate effectively along the conjugated chain when excited, increasing the energy
transfer efficiency to low-energy acceptors. The photosensitization efficiencies of PSs
with a conjugated backbone can be significantly improved due to their excellent light-
harvesting abilities and efficient energy transfer, which increases PDT efficacy (Lu et al.,
2022).

Additionally, since porphyrins are typically planar and aromatic molecules possessing
hydrophobic properties, the n—r stacking between them is very strong. This will lead to
the aggregation-caused quenching (ACQ) effect (Yuan et al., 2010; K. Zhang et al.,
2019). The ACQ effect inevitably reduces singlet oxygen generation and weakens PDT
efficacy. In a study conducted by Zheng et al., it was observed that polymeric porphyrins
reduced the ACQ effect and thereby increased in vivo PDT efficacy (Zheng et al., 2021).
The optical absorption of porphyrins can be shifted to the near infrared (NIR) region by
conjugating the porphyrin core to more aromatic systems (Bengasi et al., 2019). In this
study, tetraphenylporphyrin, thiophene, and pyrrole have been used successfully for this

purpose. The general properties of these molecules are given below.

The basic structure of porphyrin consists of four pyrrole subunits linked by methine
bridges. The porphyrin skeleton possesses an extended m-conjugation system with 18 n-
electrons, providing a wide wavelength range for light absorption (Makhlouf et al., 2014).
Tetraphenylporphyrin (TPP) is a metal-free porphyrin derivative and is centrosymmetric
with 4 phenyl groups, as shown in Figure 2.6. Tetraphenylporphyrin is a widely used
benchmark molecule in various photochemical studies due to its facile synthetic access,
rich visible-region spectrum, and broad structural analogy to chlorophylls. However,
literature values for each key photophysical parameter vary over a wide range (Taniguchi
etal., 2021).
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Figure 2.6 Chemical structure of TPP

Thiophene is a structure belonging to the class of heterocyclic compounds consisting of
a five-membered ring containing one sulfur as a heteroatom, with the formula C4H4S. In
medicinal chemistry, thiophene and its derivatives are used in therapeutic applications
and studies. Due to its pi electron cloud, it behaves like an extremely reactive benzene
derivative. The sulfur atom in this five-membered ring acts as an electron-donating
heteroatom by contributing two electrons to the aromatic ring; therefore, it is considered
an electron-rich heterocyclic compound (Bak et al., 1961; Mishra et al., 2011).
Furthermore, it has been demonstrated through chemically synthesized porphyrin-
thiophene oligomers that the absorption spectrum can be red-shifted in structures formed
by linking porphyrins with thiophene bridges (Odobel et al., 2002). Its chemical structure

is shown in Figure 2.7.

/ \
S

Figure 2.7 Chemical structure of thiophene

Pyrrole is a 5-membered aromatic nitrogen-containing heterocycle, like thiophene, that is

ubiquitous in compounds of biological and material significance. It is the key structural
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component of compounds crucial for life, such as chlorophylls and hemes, and is also an
important building block for conjugated polymer studies. Pyrrole is widely known as a
biologically active scaffold possessing a diverse range of activities. Pyrrole-containing
analogs are considered a potential source of biologically active compounds that harbor a
significant set of advantageous properties and can be found in many natural products
(Bhardwaj et al., 2015; Philkhana et al., 2021). Chemical structure of Pyrrole shown in
Figure 2.8.

N
H
Figure 2.8 Chemical structure of pyrrole

Considering the disadvantages of ALA-PDT, it was predicted that the use of a direct PS
instead of a PS precursor and the proximity of the absorption spectrum of the used PS to
the NIR region would improve the treatment. Therefore, within the scope of this study,
the synthesis of thin films (80 + 20 nm) was performed by copolymerizing the electro-
donor 5,10,15,20-(Tetraphenyl)porphyrin [TPP] monomer with thiophene and pyrrole,
which act as electron acceptors relative to TPP in this system, and the efficacy of these

PSs for PDT was investigated by measuring UV-Vis analysis.
2.5 Plasma Enhanced Chemical VVapor Deposition

Since such structures cannot be synthesized in a pure state and homogeneously on every
surface using conventional wet methods such as chemical and electrochemical
techniques, within the scope of this study, PSs were synthesized under vacuum using the
Plasma Enhanced Chemical Vapor Deposition (PECVD) method. Thus, thin films were

produced in a pure state and on any desired surface.

Due to the hydrophobic properties of porphyrins, and their tendency to aggregate by

stacking of the planar molecules they are difficult to work with in aqueous media (Rabiee
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et al., 2019). Polymer thin films obtained by plasma polymerization shows good
biocompatibility when compared to classical biomaterials (Yasuda & Gazicki, 1982). The
vapor deposition method is a dry technique used to deposit targeted monomer material or
materials as a thin film on a desired surface without using any solvents during the film

synthesis and polymerization processes within the system (Dianatdar et al., 2023).

Plasma polymerization is a thin film formation process in which thin films are deposited
directly onto substrate surfaces without any additional fabrication. In the plasma
polymerization process, monomers are converted into polymers with the assistance of
plasma, and these polymers deposit as thin films on the substrate surfaces. Therefore, the
plasma polymerization process performs both thin film formation and polymerization in
a single step, without the use of solvents or chemicals. Plasma generates free radicals on
the surface, which initiate polymerization. Consequently, in this process, plasma is
considered a radiation source that generates free radicals (Inagaki, 2006; Kulkarni, 2018;
Nageswaran et al., 2018). The mechanism of plasma polymerization is shown in Figure
2.9.

e ®

v
é J
Power supply
Energy
{RF/DC/Microwave)

Plasma
(electrons, ions, radicals, UV, etc.)

b Monomer a8 soes
s

Polymer substrate

;g“y';;:;;j Plasma polymerized
: molecule

Polymerization

Figure 2.9 Mechanism of plasma polymerization (Nageswaran et al., 2018)

Plasma Enhanced Chemical VVapor Deposition (PECVD) is a vacuum deposition/coating
method used to form a thin film layer by activating gas-phase monomers using plasma.
Its primary advantage is that reactions are initiated by plasma energy rather than thermal
energy. While high temperatures or chemical catalysts are required for the reaction to
occur in conventional Chemical Vapor Deposition (CVD) methods, in the PECVD

system, gas molecules are ionized by energetic electron bombardment, enabling the
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production of high-purity thin films at lower temperatures. This feature positions the
method as significant in biomedical applications and the coating of temperature-sensitive,
delicate surfaces (Bhushan & Jung, 2011; Campbell, 1996; Carlsson & Martin, 2009).
Figure 2.10 shows a photograph of the PECVD system used for the thesis studies.

Figure 2.10 Custom made PECVD system
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3. MATERIALS AND METHOD

3.1 Materials

Tetraphenylporphyrin (TPP), pyrrole, and thiophene were purchased from Sigma-Aldrich
for use in the synthesis of copolymer thin films and were used without any further
purification. Glass slides (ISOLAB) and silicon wafers (SIEGERT WAFER) were used
as substrates for the coating processes. The substrates were cleaned using 99% purity
chloroform and 70% purity isopropyl alcohol. Plasma polymerization processes were
carried out in a custom-built Plasma-Enhanced Chemical Vapor Deposition (PECVD)
system (Kenar Miihendislik). This experimental setup consists of a vacuum reactor
chamber, an RF plasma source (RFPT Co., Ltd) for monomer activation, and a vacuum
pump (Vacuubrand VAPS) to achieve the required pressure levels. In addition, a cold trap
(CLS CLCT -40) was integrated into the system to condense chemical vapors during the

coating process and to protect the vacuum pump from contamination.

For the structural and optical characterization of the synthesized thin films, in-house
spectroscopic analyses were performed using a JASCO 4700 Spectrophotometer for
Fourier Transform Infrared (FTIR) spectroscopy and a JASCO V-750 Spectrophotometer
for Ultraviolet-Visible (UV-Vis) spectroscopy. Scanning Electron Microscopy (SEM),
Atomic Force Microscopy (AFM), and X-ray Photoelectron Spectroscopy (XPS)
analyses for surface and morphology characterization were conducted through service
procurement from the Middle East Technical University Central Laboratory (METU-
MERLAB).
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3.2 Method

3.2.1 Simulation studies of thin film synthesis

The initial chemical structures of the copolymers, which were formed from TPP and
electron-accepting groups (Thiophene and Pyrrole), were established by takinga 1 to 1
molar ratio of each monomer. The connection points of the monomers forming the
copolymer, and subsequently the connection points of the copolymers (againata 1 to 1
molar ratio), were determined through detailed conformational analyses. Then, molecular
modelling of the relevant oligomers was performed based on the obtained comonomers,
and the chemical structures of the polymer films to be synthesized experimentally were
determined theoretically beforehand. Following this, the absorption spectrum of the
polymers with determined chemical structures were simulated using the same quantum
mechanical method, and potential shifts predicted to occur in the absorption wavelengths

were identified.

In this manner, the relationship between the chemical structure and the absorption
wavelength was clearly established theoretically, which guided the experimental studies.
The molecular modelling and absorption spectrum studies, performed at the LSDA/6-
311G calculation level (a DFT method), were simulated under atmospheric pressure and
at room temperature. All calculations were performed using the Gaussian 09 program

package.

3.2.2 Sample preparation

Prior to the coating process, silicon and glass substrates were immersed in 70% isopropyl
alcohol for 10 minutes for sterilization purposes. Subsequently, the substrates were held
by their edges using forceps, and their corners were touched to filter paper to drain the
excess alcohol. They were then left to air-dry in a petri dish. Following the drying process,

the samples were placed onto the sample holder and secured using Kapton tape.
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3.2.3 Determination of copolymer-based thin film synthesis parameters

The synthesis of TPP-co-thiophene and TPP-co-pyrrole thin films using the Plasma-
Enhanced Chemical Vapor Deposition method is one of the unique aspects of the thesis
and was performed for the first time within this scope. The PECVD process was carried
out in a custom-made, domestically produced vacuum chamber (reactor) featuring five
inlet ports [for monomers, flow rate-controlled gases, and RF power source] and one
outlet leading to the vacuum pump. To prevent peeling/delamination of the synthesized
thin films, the substrates placed in the PECVD chamber were first activated with oxygen
plasma to facilitate the formation of hydroxyl groups on the surface. The resulting
hydroxyl radical groups on the surfaces increased the reactivity of the sample surfaces,

allowing them to interact more effectively with the precursors delivered into the reactor.

In the initial stage, coatings were performed for different durations (15, 30, and 60
minutes) at plasma powers ranging from 5 W to 40 W and pressures between 80 and 150
mTorr, without disrupting the structure of the TPP molecules. As the vapors of the
monomers were sent into the reactor, the plasma source was turned on at power levels
between 5 W and 40 W to activate the molecules and enable their polymerization. In
addition to plasma power analyses, the plasma exposure times of the surfaces were also
analyzed. The plasma exposure time has the potential to affect the number of radical
groups formed on the surface, surface oxidation, and the degree of fragmentation of the
precursors (Malik, Rachit, et al., 2013). While short-term plasma interactions were
generally required for the activation of sample/substrate surfaces, they could also prevent
the attainment of the targeted polymer structure by hindering sufficient fragmentation of
the precursor delivered to the system (Chytrosz-Wrobel, Paulina, et al., 2023). For this
reason, the effects of 15 min, 30 min, and 1 hour durations on the morphological and
chemical structures of the thin films were examined through necessary analyses, and the

optimum duration was determined.
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3.2.4 Copolymerization and thin film deposition experimental procedure

First, as described in the sample preparation section, glass and silicone substrates were
placed in the reactor with Kapton taped sterile sample holder, with the samples facing
downwards. To prevent monomers from adhering to the reactor walls as much as possible,
the reactor walls and lid were heated to 50 degrees. After placing the chemicals to be used
in the experiment into the evaporator or infusion tube, the reactor lid was closed, and the
vacuum was activated. When the vacuum level dropped below 120 mTorr, the heaters
were activated according to the monomers used. In the experiments, pyrrole and
thiophene were evaporated at room temperature, while TPP was evaporated at 315
degrees using an infusion tube. When the desired temperatures and vacuum levels were
reached, the plasma source was operated at 5W power, and the monomer valves were
opened to increase the vacuum level to the same level. After this process, a timer was set
for 1 hour, at the end of the time, the plasma was turned off, and the samples were

transferred to a petri dish using forceps.

3.2.5 Characterization methods

In this study, Fourier Transform Infrared Spectroscopy (FTIR), Ultraviolet-Visible
Spectroscopy (UV-Vis), Scanning Electron Microscopy (SEM), Atomic Force
Microscopy (AFM), and X-ray Photoelectron Spectroscopy (XPS) methods were utilized
to understand the chemical, optical, and morphological properties of Polypyrrole (PPy),
Polythiophene (PTh), and Tetraphenylporphyrin (TPP) thin films synthesized by the
Plasma Enhanced Chemical Vapor Deposition method, as well as TPP-PPy and TPP-PTh

thin films synthesized by the polymerization of these monomers.
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FTIR was employed to determine the molecular structure of the films and whether
functional groups were preserved during plasma polymerization. FTIR analysis is a
widely used method to monitor structural changes, particularly the extent to which ring
structures are preserved in the plasma environment, the presence of aromatic C-H bonds,
and ring fragmentation. Furthermore, it provides information about the polymerization
mechanism by comparing the conjugated structures and fingerprint regions of the

synthesized polymers with their monomers.

Ultraviolet-Visible Spectroscopy (UV-Vis) analyses were performed to investigate the
optical properties of the produced thin films. Especially for porphyrin derivative films,
changes in the positions of the characteristic Soret and Q bands offer critical data

regarding the conjugation length and PDT efficacy of the film.

SEM and AFM were used to examine the surface morphology, coating homogeneity, and
topographic properties of the resulting structures. SEM analyses were preferred to
visualize the globular nanostructures typically exhibited by plasma polymers, surface
roughness, and film integrity. AFM was utilized for the determination of surface
roughness and 3D mapping of topographic details at the nanometer scale. Finally, X-ray
Photoelectron Spectroscopy (XPS) analysis was employed to determine the elemental
composition and chemical bonding states (oxidation levels, C/N or C/S ratios) on the
surface of the films. XPS is a particularly important technique for the depth profile
analysis of plasma polymers. This set of analyses aims to verify the suitability of the

produced thin films for photodynamic therapy and biomedical applications.
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4. RESULTS AND DISCUSSION

4.1 Simulation Studies of Thiophene-co-TPP and Pyrrole-co-TPP Polymers

According to the performed DFT simulation results, while the Soret band of isolated
tetrakis appears at 401 nm, it shifted to 468 nm in the comonomer obtained by binding
thiophene to tetrakis, to 645 nm in the dimer, and to 655 nm in the trimer. Furthermore,
while the Q-band was obtained at 612 nm for tetrakis alone, it underwent a significant

shift towards 623 nm in the tetrakis-thiophene monomer and 798 nm in the trimer.
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Figure 4.1 Molecular modeling and absorbance spectrum simulations of isolated tetrakis
(@), tetrakis-thiophene comonomer (b), tetrakis-pyrrole comonomer (c),
tetrakis thiophene trimer (d), tetrakis-pyrrole trimer (e) performed via DFT

For the pyrrole-TPP trimer, the Amax was found to be 680 nm. On one hand, the agreement
shown by the Soret and Q-band findings obtained from the experimental absorption
spectrum given in Figure 4.1. above and the theoretical spectrum in Figure 4.1.(a) reveals
the reliability of the DFT method used; on the other hand, the fact that it shows the shift
caused by the copolymerization with thiophene in these two bands demonstrates the
importance of using the theoretical approach with DFT in determining the relationship

between chemical structure and absorption wavelength.
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4.2 FTIR Characterizations

4.2.1 FTIR analysis of polypyrrole thin films

The spectrum image seen in Figure 4.2 is the PPy film on silicon wafers. The spectrum
shown in red corresponds to the monomer, while the spectrum shown in green represents
the FTIR data of the thin film. The polypyrrole thin film is observed to retain the
fundamental structure of the pyrrole monomer. In the FTIR spectrum of the produced
PECVD polypyrrole films, the band in the 3250-3340 cm™ range corresponds to the N-H
symmetric stretching vibration peaks originating from pyrrole. The peaks observed at
3100 and 3140 correspond to aromatic C-H stretching. The presence of these peaks
indicates that, although some of the pyrrole rings have undergone opening by the plasma
as will be discussed shortly, the ring form is still preserved within the film. The peaks
observed around 2900 are attributed to asymmetric and symmetric C-H stretching
vibrations, indicating that the pyrrole has been reorganized under the influence of the
plasma (Ahmad et al., 2016; Matsumoto & Honma, 2007; Sakthi Kumar et al., 2003).
This phenomenon is an expected situation in plasma polymerizations. The peaks observed
at between 2030 and 2160 cm™* indicate cumulative X=Y=Z stretching (where X, Y, Z is
C, N, or O) double bonds resulting from plasma-induced fragmentation and
reorganization (Goktas et al., 2009). The 2160-2230 cm™ peaks represent triple bond
stretching in the literature and indicate that the pyrrole ring structure also exists in an
opened form (Iriyama & Wa, 2001; Kravets et al., 2010).
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Figure 4.2 FTIR spectrum of polypyrrole thin film

Although 1670 could be assigned to C=C group, it is observed from the XPS results that
oxidation has occurred and the intense peak obtained, points to C=0 stretching according
to Iriyama and Wa. Considering these data, it is concluded that the active radicals trapped
within the film reacted with oxygen upon the film's contact with it at the end of the
experiment. The peak observed at 1610 indicates C=C stretching bonds, while the peaks
seen at 1520 and 1420 indicate aromatic C=C and C=N vibrations originating from the
pyrrole ring (Hemant Keshav, 2021; Iriyama & Wa, 2001; Fally et al., 1991). The peak
at 1250 cm* can be attributed to C-N stretching from pristine pyrrole ring (Jang et al.,
2023). The observation of these vibration peaks specific to the aromatic ring and
stretching peaks from double bonds demonstrates that conjugated polymerization has
occurred in the polypyrrole thin film and that the ring structure is largely preserved.
Additionally, the aromatic in-plane bending peak observed at 1027 and the C-H aromatic
out-of-plane bending peak observed at 715 are among the most important data indicating
the ring structure (Ahmad et al., 2016; Ibrahim et al., 2013; Kamal & Bhuiyan, 2013).
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4.2.2 FTIR analysis of polythiophene thin films

The spectrum image seen in Figure 4.3 is the PTh film on silicon wafers. The spectrum
shown in red corresponds to the monomer, while the spectrum shown in green represents
the FTIR data of the thin film. As also observed in the previous section, the polythiophene
thin film is observed to retain the fundamental structure of the thiophene monomer. In
the produced PECVD polythiophene films, although thiophene does not contain OH
groups, the peak observed at 3289 cm is attributed to oxidation detected during ex-situ
FTIR measurements, a phenomenon reported in the literature for plasma-polymerized
thiophene films (Bayram, 2019; Cho & Boo, 2012). The peaks observed at 3022, 3066,
and 3100 cm™! indicate aromatic C-H stretching vibrations. The peaks corresponding to
2960 and 2916 cm™ represent the asymmetric and symmetric stretching vibrations of CHa
groups (Bhat & Wavhal, 1998; Tanaka et al., 1990). These peaks, which are absent in the
thiophene monomer, indicate that the structure has undergone fragmentation and

rearrangement, as expected in plasma polymerization.
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Figure 4.3 FTIR spectrum of polythiophene thin film
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The peaks observed at 2030 and 2160 cm™ indicate cumulative X=Y=Z (where X, Y, Z
is C, S, or O) double bonds resulting from plasma-induced fragmentation and
reorganization (Goktas et al., 2009). The presence of the OH group peak at 3289 cm
supports the assignment of the intense peak observed at 1680 cm™ to C=0 stretching (Cho
& Boo, 2012; Tanaka et al., 1990). The peak observed at 1580 cm™ represents the
characteristic stretching of conjugated C=C bonds within the thiophene ring and the
polymer chain. According to Goktas et al., the peak appearing at 1420 cm™ corresponds
to the methylene group bonded to a sulfur atom (CH2-S) (Goktas et al., 2009). Based on
the literature and considering the peaks observed at 3289 and 1680 cm?, the peak at 1215
cm* can be attributed to S-O or C-O stretching. The peaks observed at 1030 and 700 cm’
! are characteristic peaks of polythiophene and can be attributed to aromatic C-H aromatic
out-of-plane bending and C-S stretching vibration originating from polythiophene,
respectively (Silverstein & Visoly-Fisher, 2002; Bhat & Wavhal, 1998; Goktas et al.,
2009; Groenewoud et al., 2000).

4.2.3 FTIR analysis of pyrrole-co-thiophene copolymer thin films

The broad region observed at 3380-3150 cm™ is the combined appearance of N-H
originating from Pyrrole and the OH group observed as a result of free radicals originating
from plasma polymerization reacting with oxygen in the environment (Dams et al., 2006;
Kamal & Bhuiyan, 2013; Kravets et al., 2010). The 3100-3050 region corresponds to
aromatic C-H stretchings originating from pyrrole and thiophene with intact ring
structures (J. Zhang et al., 1997a). The 2930 cm™ & 2875 cm™! bands, which are not
present in pyrrole and thiophene monomers, indicate aliphatic C-H groups emerging via

ring fragmentation (Cho & Boo, 2012; Wang et al., 2004).
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Figure 4.4 FTIR spectrum of pyrrole-co-thiophene thin film

The peaks observed in the 2300-2170 range indicate triple bonds in a typical FTIR
spectrum. In this film, they indicate C=N and C=C bonds. At the same time, especially in
thiophene films, this region indicates C=S and S-H stretching signals (Wang et al., 2004).
The 2100-1990 range is the cumulative double bond (X=Y=Z) region; generally, double
bonds of C, H, and O originating from the environment, as well as nitrogen originating
from Pyrrole and sulphur originating from thiophene, exist in a complex state (Goktas et
al., 2009; Kamal & Bhuiyan, 2013). The intense C=0 observed at 1670 and 1680 in
thiophene and pyrrole, respectively, manifests itself at 1677 in this film (J. Zhang et al.,
1997a). 1530 and 1570 indicate the aromatic C=C bond originating from pyrrole and
thiophene, while 1405 indicates the C-N stretching originating from pyrrole.
Subsequently, 1025 indicates C-H in-plane bending, 839 C-S stretching, 794 out-of-plane
bending, and 720 N-H wagging motion (Bayram, 2019; Liu et al., 2009; Wang et al.,
2004). The peak, which manifests itself as a shoulder shaped pattern around 650, indicates
C-S stretching vibration (Groenewoud et al., 2000).
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4.2.4 FTIR analysis of TPP thin films

Figure 4.5 presents the FTIR spectrum of the TPP thin film. Firstly, the peak observed at
3390 cm! corresponds to N-H stretching. This indicates that the film retains the pyrrolic
core (Dinache et al., 2022; El-Nahass et al., 2005; Sen et al., 2010). Also in Figure 4.5,
the 3000-3500 range is shown in a zoomed-in and deconvoluted view. 3250 cm™ may
belong to a terminal alkyne or O-H structure formed by ring fragmentation. However, the
band seen in 1720 proves the presence of OH in the thin film (Titov et al., 2008). The
peak observed at 3095 cm! indicates the C-H stretching originating from the preserved
ring structure. In contrast, the peaks observed at 2872, and 2917 cm™ originate from
aliphatic C-H bonds (Makhlouf et al., 2014). When the presence of N-H stretching is
combined with the presence of aromatic and aliphatic C-H peaks, it appears that a portion
of the porphyrin or phenyl rings has fragmented and converted into open-chain
hydrocarbon structures, and that TPP is linked by aliphatic bridges. This result is also
consistent with the UV-Vis data.
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Figure 4.5 FTIR spectrum of TPP thin film. The area between the red dash lines is zoomed
in and shown as deconvoluted spectrum
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The peak observed at 1720 cm™ is the characteristic C=0 peak observed in plasma
polymerization (Dinache et al., 2022b; Titov et al., 2008). The broad peak starting from
the 3030 cm™! level and extending to 3600 cm™! reinforces the presence of oxygen. 1649
is attributed to N=H vibration (Kravets et al., 2010; Titov et al., 2008). The 1455 peak
indicates the aromatic C=C bond, while 1350 cm™! indicates C-C stretching and C-H
bending motions (Dinache et al., 2022b; El-Nahass et al., 2005). This peak corresponds
to C-O-C ether bridge stretching or C-N/C-H modes. In alkoxy-substituted porphyrins
(like hexoxyphenyl TPP), a dominant peak at 1246 cm™! is attributed to C-O-C vibrations.
TPP also shows bands in the 1247-1256 ¢cm™ range due to C-H bending and C-N
stretching in the porphyrin ring (El-Nahass et al., 2005.; Sen et al., 2010). 1064 cm™: This
matches vibrations for C-H in-plane bending, while the peaks appearing at 933 and 881
indicate aromatic C-H out-of-plane bending (Dinache et al., 2022b; El-Nahass et al.,
2005.; Iriyama & Wa, 2001; Wallin et al., 2006; Zhang et al., 1997).

4.2.5 FTIR Analysis of TPP-co-thiophene thin films

In the TPP-co-Thiophene UV-VIS spectrum, the strong peak observed around 3235 cm’!
corresponds to the N-H stretching vibration of TPP. However, while this peak appears
around 3300 cm™! for pristine TPP, it was observed to shift to 3235 cm™ upon the addition
of thiophene. The interaction between the N-H bonds in the porphyrin structure and the
sulfur atom in thiophene reduced the force constant of the N-H bond, causing the
vibrational frequency to shift from 3300 cm™ to the 3200 cm™ region (Karweik et al.,
1976; Meot-Ner et al., 1972). Due to the broadening of the band, it can be suggested that
the 3060-3400 cm™! range includes O-H groups in addition to the N-H stretching. The
signal observed as a shoulder at 3060 cm™' corresponds to the aromatic C-H stretching.
Aliphatic C-H bonds are observed in the 2850-2950 cm™! range. The peaks in the 1980
2050 cm! region indicate "cumulative double bonds" (X=Y=Z) specific to plasma
polymerization, which are absent in the monomer, or cyano/isocyano (C=N)-like groups
formed because of fragmentation. The peak observed at 2150 cm™ corresponds to C=S
and S-H bonds (Cho & Boo, 2012; Dams et al., 2006; Goktas et al., 2009; Wang et al.,
2004).
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Figure 4.6 FTIR spectrum of TPP-co-thiophene thin film

The peak observed at 670 cm™ is an important indicator of thiophene incorporation. In
plasma-polymerized thiophene and oligothiophenes, according to the study by
Groenewoud et al. in 2000, the C-S stretching vibration is assigned to the region around
660 (Groenewoud et al., 2000). The peaks in the region between 900 and 1200 indicate
C-H out-of-plane and C-H in-plane bending vibrations, respectively. While C-H
deformations overlap in this region, bands around 14001410 cm™ in thiophene plasma
polymers are generally attributed to the C=C stretching specific to the thiophene moiety
(Dams et al., 2006). This peak corresponds to C=O0 stretching (ketones or esters). Since
oxygen is not present in the monomers used, this structure is formed as a result of the
reaction of long-lived free radicals trapped within the plasma film with atmospheric

oxygen and moisture (Cho & Boo, 2012; Dams et al., 2006; Wang et al., 2004).
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4.2.6 FTIR analysis of TPP-co-pyrrole thin films

The most critical feature distinguishing thin films produced by plasma polymerization
from a simple physical mixture of intact porphyrin and pyrrole is the presence of peaks
in the 20002250 cm™! region attributed to nitrile (C=N), isonitrile, or cumulative double
bond systems formed by the fragmentation of pyrrole and phenyl rings during plasma
polymerization; this situation is also corroborated by Wang et al., Iriyama, and Fally, who
describe similar bands resulting from ring breakage in plasma-polymerized pyrrole (Fally
et al., 1991; Iriyama & Wa, 2001; Wang et al., 2004). This fragmentation is accompanied
by a loss of aromaticity, evidenced by the emergence of strong aliphatic C-H stretching
bands in the 2880-2980 cm™! region due to hydrogenation of the carbon skeleton and sp®
hybridization; this indicates the formation of a disordered, partially saturated network
structure that contrasts with the fully aromatic nature of chemically synthesized
polypyrrole (Sen et al., 2010; J. Zhang et al., 1997a). Furthermore, the detection of a
carbonyl peak at 1677 cm™ points to post-plasma oxidation, where long-lived free
radicals trapped within the film react with atmospheric oxygen and moisture to form C=0
functional groups; this mechanism is consistent with the observations of Iriyama and
Wang regarding radical quenching and nitrile hydrolysis. The bands at 1610, 1560, and
1420 cm™!, corresponding to C=C and C=N stretching vibrations, confirm that while the
matrix is heavily cross-linked, it still retains the essential cyclic structures characteristic
of plasma-polymerized pyrrole (Iriyama & Wa, 2001; Wang et al., 2004). Although
aromatic peaks (3098 cm™'; aromatic C-H bond, 1610 cm™'; aromatic C=C bond) are
present, these peaks are shared by both TPP and the pyrrole matrix. There is no distinct

evidence that specific TPP core vibrations survive independently.
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Figure 4.7 FTIR spectrum of TPP-co-pyrrole thin film

Due to TPP being present in the film at a much lower concentration than pyrrole, the fact
that the FTIR spectrum of the TPP-Pyrrole thin film shown in Figure 4.7. is almost
identical to that of the polypyrrole thin film shown in Figure 4.2, except for the
broadening around 3300 due to oxidation and the intensity difference of the C=0 peak
seen at the 1700 level, also aligns with the UV-Vis data. Therefore, it is thought that TPP
is significantly less accumulated in the film due to its molecular weight (and consequent
low vapor pressure). During the co-deposition of a heavy, non-volatile macrocycle like
TPP (~614 g/mol) and a highly volatile, reactive monomer like pyrrole (~67 g/mol) in a
PECVD system, it is a probable reason that the thermodynamics of vaporization and
plasma polymerization kinetics create an unfavourable environment for the incorporation
of the intact porphyrin chromophore. The absence of TPP peaks in the UV-Vis spectrum
can be argued to result from a combination of low TPP partial pressure and the plasma-
induced fragmentation of the few TPP molecules that managed to enter the phase, caused
by the aggressive polymerization kinetics of pyrrole. This section has also been examined

in more detail in the UV-VIS spectrum part.
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4.3 UV-Vis Spectroscopy Analysis

4.3.1 UV-Vis spectral analysis of polythiophene thin films

In figure 4.8, the thiophene monomer exhibits a characteristic m-n* transition at a
wavelength of 235 nm (Goktas et al., 2009). In the polythiophene thin film, this band
shifts to the 330 nm level, indicating that the aromatic structure of thiophene is preserved
within the thin film and that the conjugated structure has significantly increased due to

the polymerization of thiophene.
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Figure 4.8 Normalized UV-Vis spectrum of thiophene monomer and PTh film

While the thiophene monomer does not exhibit absorption beyond this point, the
synthesized thin film displays absorption to around 450 nm, this bathochromic shift
demonstrates the conjugated nature of the thin film. The notably broad absorption bands
observed around 500 and 800 nm can be attributed to the amorphous film structure
resulting from the PECVD process or to alterations in the optical properties of thiophene

due to oxidation.
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4.3.2 UV-Vis spectral analysis of polypyrrole thin films

In figure 4.9, Pyrrole monomer exhibits the characteristic n-n* transition of pyrrole at
311 nm level and PPy thin film shows an absorbance peak at around 338 nm.
Additionally, a red shift of approximately 25 nm is observed in the absorption character
of PPy across the spectrum. The absorption spectrum of the PTh thin film, extending up
to 600 nm, is indicative of the film's long-chain structure. Both UV-Vis and FTIR data
demonstrate that while the aromatic structure is largely preserved in the pyrrole
experiments following PECVD.
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Figure 4.9 Normalized UV-Vis spectrum of pyrrole monomer and polypyrrole film

4.3.3 UV-Vis spectral analysis of pyrrole-thiophene copolymer thin films

The UV-Vis absorption spectrum of the pyrrole-thiophene copolymer film exhibits a
maximum intensity around 331 nm and a tailing effect extending to 575 nm, virtually
identical to the spectrum of the pyrrole thin film. The intense absorption of the dark brown
pyrrole matrix across the visible region likely masks the weaker absorption bands of the

yellow-transparent thiophene film (Al-Hamdan et al., 2022; Tan & Ghandi, 2013).
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Figure 4.10 UV-Vis spectrum of pyrrole-thiophene copolymer thin film

4.3.4 UV-Vis spectral analysis of TPP thin films

Figure 4.11 displays the UV-Vis absorption spectrum of the TPP monomer and the TPP
thin film. The characteristic band observed at 411 nm for the monomer and around 433
nm for the thin film is known as the Soret band, which originates from the n—n* transitions
of porphyrins. The 20 nm red shift observed in the Soret band clearly indicates an increase
in conjugation. This trend persists across the four weak Q bands as well with 514—520,

549 —554, 589 —594 and most importantly 645 —650 nm.
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Figure 4.11 Normalized UV-Vis spectrum of TPP monomer and TPP film

The four peaks observed in the spectrum following the Soret band correspond to the Qly,
QO0y, Q1x, and QOx bands as shown in Figure 4.12 for porphyrins. The QO band arises
from the electronic transition between the ground state and the first electronic state,
whereas the Q1 band involves molecular vibrations in addition to the electronic transition.

The x and y subscripts show the polarization of the electric vector of the absorbed light.

1 - —
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Figure 4.12 Visualization of absorption bands in free base porphyrins (B. F. Kim &
Bohandy, 1981)
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In a study conducted by Shoji and colleagues in 2007 using plasma polymerization, it
was shown that films produced without plasma, using only vapor deposition, that is,
without the polymerization stage, dissolved in commonly used organic solvents, whereas
thin films produced using plasma did not dissolve (Shoji et al., 2007). For this reason, in
order to gain insight into the structure of the plasma-produced TPP thin film, the film was
immersed in isopropyl alcohol for 5 minutes. Consequently, UV-Vis characterization was
performed again, and the same result was obtained. Therefore, it was understood that a
cross-linked polymer film was formed on the surface and that the 5 nm red shift was not

caused by the stacking of monomers adsorbed on the surface without polymerization.

The insolubility of the film is definitive proof that the molecules are linked to each other
by covalent bonds (Touloupas et al., 2023; Yasuda, 2005). The attachment of porphyrin
units to each other via covalent bonds oligomerization expands the interaction area of the
n-electron system. This reduces the energy gap and has caused the 5 nm shift in
absorption. Additionally, in a study conducted in 2002, it was stated that in porphyrin-
based oligomeric structures, face-to-face dimers cause a blue shift in absorption bands,
whereas head-to-tail dimers cause a red shift (Aratani et al., 2002). However, since only
a 5 nm shift is observed, it is thought that the resulting structure is neither a long-chain
polymer structure nor a stacking of monomers, but rather a cross-linked, short-chain,
amorphous, J-aggregated, oligomeric structure, as expected from plasma polymerization

(Villari et al., 2012).

4.3.5 UV-Vis spectral analysis of TPP-co-thiophene thin films

Figure 4.13 shows the UV-Vis spectrum of the TPP-Thiophene thin film. While a 5 nm
shift was observed in the Soret and Q bands in the plasma film synthesized solely with
TPP, a 10 nm red shift was observed in all bands in the plasma film synthesized together
with thiophene. This indicates both that the film produced using only TPP is not merely
a result of vapor deposition and that conjugation within the film increased with the
addition of thiophene. Furthermore, a significant absorption is observed between the

Soret and Q bands compared to the film produced with only TPP.
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Figure 4.13 UV-Vis spectrum of TPP-co-thiophene copolymer thin film

In a study conducted by Wallin and colleagues in 2006, it is stated that when porphyrins
are linked by oligothiophene bridges, the Soret band broadens and the Q bands shift to
lower energy (red), and this finding overlaps perfectly with the data obtained in this study
(Wallin et al.,, 2006). Unlike the linear chain porphyrin-thiophene dimer structure
produced by Odobel, 2002, via chemical methods, multiple cross-linked structures can
form within the film in the chaotic radical environment generated in plasma
polymerization. Although the 20 nm shift in the Soret band, the Qly, QOy, Q1x bands,
and the QOx band shifting to 655 nm point to an oligomeric structure with increased
conjugation (as discussed in the UV-Vis spectrum of the film synthesized using only TPP)
the broadening bands and the long absorption structure extending from the Soret band to
700 nm indicate that the film does not strictly contain only TPP-Thiophene-TPP structure
formed by thiophene bridges, but also possesses an amorphous structure formed by

extensive fragmentation and recombination. (Odobel et al., 2002).
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4.3.6 UV-Vis spectral analysis of TPP-co-pyrrole thin films

Figure 4.14 displays the UV-Vis spectrum of the TPP-Pyrrole film. In contrast to the
TPP-Thiophene film, the Q bands expected from TPP are not observed in this experiment
conducted with pyrrole. Furthermore, as seen in Section 4.3.2, the resulting structure
overlaps perfectly with the pyrrole thin film produced solely with pyrrole. The same
situation was observed and discussed in Section 4.3.3 regarding the thiophene-pyrrole
thin film.
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Figure 4.14 UV-Vis spectrum of TPP-co-pyrrole thin film

When examining all UV-Vis characterizations obtained in this study, the film thickness
of TPP is also significantly lower compared to Pyrrole under identical conditions. The
fact that the molecular weight of TPP is ~614 g/mol while that of Pyrrole is ~67.09 g/mol
may have caused the gas-phase concentration of TPP to remain very low relative to
pyrrole (which is a volatile liquid, meanwhile TPP is being sublimated at 320 °C under
vacuum.) in a mixed plasma such as TPP-Pyrrole (El-Nahass et al., 2005). Additionally,
its high reactivity may have led to much faster accumulation on the sample surface,
thereby causing TPP to remain at a concentration too low to exhibit its characteristic
optical properties (Cruz et al., 1999). Another reason could be the fragmentation of TPP

into pyrrole rings in the plasma environment, thus rendering it indistinguishable from the
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pyrrole thin film. However, the fact that TPP did not fragment in the plasma environment
with thiophene, which is structurally similar to pyrrole, but less reactive, indicates that
this situation stems not from fragmentation, but rather from pyrrole depositing much more

rapidly and masking TPP.

4.4 X-ray Photoelectron Spectroscopy Characterizations

4.4.1 XPS analysis of thiophene and TPP-co-thiophene thin films

Figure 4.15 presents the XPS spectrum of the thiophene and TPP-co-thiophene thin films
produced. The high-resolution and deconvoluted PTh Cls and TPP-co-thiophene Cls
spectrum are shown in panels (a) and (d), respectively. Examination of the spectrum
shows that in both films the C=C bond appears at 284.3 eV, while the C-C bond is
observed at 284.9 eV and 285 eV, respectively (Sahin, 2015; Song et al., 2025). Although
the binding energies appear at similar levels, the intensity of the C=C bond increases
slightly when thiophene is polymerized with TPP. The peak observed at 285.6 and 285.7
in Thiophene and TPP-co-thiophene films corresponds to C-S, C-N and C-O peaks. While
this peak corresponds to C-S in the thiophene thin film, in the copolymer it merges with
the C-N originating from TPP, and its area increases by 10%. The reason this increase is
lower than expected is that, since both thiophene and pyrrole can volatilize even at room
temperature under vacuum, they deposit as a thin film much faster than the sublimation

of TPP, which is a much heavier molecule.
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Figure 4.15 High-resolution deconvoluted XPS spectrum of the thiophene thin film and
the TPP—thiophene thin film. For the thiophene thin film, a) C1s, b) S2p,
and c) Ols; for the TPP-co-thiophene thin film, d) C1s, e) S2p, and f) Ols
spectrums are shown

The peaks observed at 286.5 and beyond correspond to groups such as, -C=0, O=C-0O,
and C=N originating from oxidation; however, due to the low intensity, tail-like
appearance, and the area being quite broad, it is not possible to make a precise distinction.
In the XPS analysis of the thin film prepared solely with TPP, the nitrogen concentration
was found to be 3%, and the N1s region was lost within the noise of the spectrum. The
nitrogen content, which is already low due to the molecular composition of TPP
(CasaH30Na), is further reduced in the film because of the incorporation of thiophene and
plasma-induced oxidation introducing oxygen into the system. In addition, considering
the sublimation rate of the relatively heavy TPP molecule and the deposition rate of
thiophene, which can evaporate even at room temperature, on the silicon wafer, it is
understandable that nitrogen becomes indistinguishable from the noise in a surface-

sensitive technique such as XPS, which characterizes only the top ~10 nm of the film.
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However, the FTIR and UV-Vis analyses, confirm that TPP is present within the film in

a state of enhanced conjugation.

Figure 4.15 (b) and (e) show the S2p spectrum of the thiophene thin film and the TPP-
co-thiophene thin film, respectively. The S2p spectrum of both films appear identical.
The S2p peak corresponding to the PTh film was also deconvoluted into two components,
attributed to S2psp at 163.3 eV and S2pi, at 164.5 eV. The doublet structure, originating
from spin—orbit splitting and exhibiting an energy separation of approximately 1.2 eV, in
which the higher-energy signal has roughly half the intensity of the lower-energy one,
corresponds to the S—C bond and is a characteristic feature of thiophene (Teslaru et al.,
2016; Vassallo et al., 2007). Figure 4.15 (c) and (f) show the O1s spectrum of the
thiophene thin film and the TPP-co-thiophene thin film, respectively. The O1s signals in
the range of 531.8-533.5 eV indicate bonds formed because of radical species trapped in
the film due to plasma polymerization reacting with atmospheric oxygen and/or moisture.
In both films, the lower binding energy signal corresponds to organic surface
contamination (carbonyl groups) and hydroxyl groups. The higher binding energy signal,
which is observed with higher intensity in the film synthesized with TPP compared to the
film synthesized only with thiophene, corresponds to C-O—-C bonds (Groenewoud et al.,
2003; K. J. Kim et al., 2001; Van Ooij et al., 1996). Since the difference in intensity of
the C=0 and C-O-C bonds observed between the two films in this spectrum is also
observed in the pyrrole thin film and the TPP-co-pyrrole thin film in the same manner,

this issue will be discussed in the next section.
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4.4.2 XPS analysis of pyrrole and TPP-co-pyrrole thin films

Figure 4.16 presents the XPS spectrum of the pyrrole and TPP-co-pyrrole thin films
produced. The high-resolution and deconvoluted PPy Cls and TPP-co-Pyrrole Cls
spectrum are shown in panels (a) and (d), respectively. “Since the PP-Py films have most
likely a great variety of functional groups present, the curve-fitted peaks are quite broad.
Therefore, an exact assignment for the curve-fitted peaks is impossible and only general
statements can be made for these films.”(Van Ooij et al., 1996). The regions observed at
284.3 and 285 eV in the pyrrole and TPP—pyrrole spectrum, respectively, correspond to
C=C bonds and C-C bonds, while the regions at 285.8 and 285.5 eV correspond to C-N
bonds. When the intensity differences between these peaks are considered, the
relationship between Figures 4.16 (a) and (d) appears to be highly similar to that between
Figures 4.15 (a) and (d). The decrease in the area of the peak corresponding to the C-C
structure in the copolymer film compared to the pyrrole thin film, and the increase of the
C=C bond structure in the XPS spectrum, again compared to the pyrrole thin film,
indicates that conjugated TPP molecules bind into the film, increasing the conjugated
bond structure. In agreement with the FTIR spectrum of both films, the C=N bond is
present in both of the films. The peaks observed at 286.8 for PPy and 281.1 for TPP-PPy
correspond to C=N and C-O groups. The reason this peak appears at lower energy in TPP
is that, unlike Pyrrole, the C=N group is also present in TPP itself, leading to an increased
concentration. Additionally, the lower oxygen concentration in the copolymer films
explains the energy difference between the two peaks. For pyrrole and TPP—pyrrole, the
peaks at 287.8 and 287.2 eV represent groups such as C=0, N-C-O and N-C=0.
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Figure 4.16 High-resolution deconvoluted XPS spectrum of the pyrrole thin film and the
TPP-co-pyrrole thin film. For the pyrrole thin film, a) C1s, b) N1s, and c)

Ols; for the TPP-Pyrrole thin film, d) C1s, €) N1s, and f) O1s spectrums are
shown

Figure 4.16 (b) and (e) show the N1s spectrum of the pyrrole thin film and the TPP-co-
pyrrole thin film, respectively. For the pyrrole and TPP-co-pyrrole thin films, the peak at
398.8 eV corresponds to iminic (=N—) nitrogen bonds, while the more intense peaks
observed at 400.1 and 400.2 eV correspond to aminic (-NH—) aromatic nitrogen bonds,
respectively (Ryan et al., 2020). While =N- is not present in the pyrrole monomer, it is
found in its thin film; this is due to fragmentation, but the higher presence of the -NH-
group indicates the preservation of the aromatic structure. On the other hand, the =N-
group has more area in the copolymer made with TPP, because both the iminic nitrogen
structure resulting from fragmentation and =N- group originating from TPP itself appear
in the same region. For both films, the broad peak observed around 402 eV, although

difficult to assign definitively, corresponds in the literature to positively charged nitrogen
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species commonly reported in plasma-polymerized pyrrole-based films (Gomez et al.,

2014; Wang et al., 2004; J. Zhang et al., 1997b).

Figure 4.16 (c) and (f) show the Ols spectrum of the pyrrole thin film and the TPP-co-
pyrrole thin film, respectively. The O1s XPS spectrum of the pyrrole-TPP and thiophene—
TPP copolymer thin films are observed to largely overlap with each other. Similarly, no
significant difference is observed between the Ols spectrum of the pristine pyrrole and
pristine thiophene thin films. However, when the pristine monomer films (pyrrole and
thiophene) are compared with the copolymer thin films formed with TPP, a common and
systematic difference emerges for both systems. Although two distinct peaks are detected
in all Ols spectrum, the peak at lower binding energy exhibits higher intensity in the
pristine pyrrole and thiophene thin films, whereas this distribution is reversed in the TPP-
containing copolymer thin films, with the higher binding energy peak becoming
dominant. These results indicate that the incorporation of TPP into the copolymer
structure leads to a modification of the chemical environment of oxygen and demonstrates
a reorganization of the bonding states of oxygen-containing functional groups. Formation
of C=0 bonds require ring opening, whereas this process is less pronounced when TPP is
incorporated into the film matrix. In this system, where conjugation is more extensive,
atmospheric oxygen may preferentially form C—O—C bridges rather than C=0 bonds, due

to the lower extent of ring fragmentation.

4.4.3 Comparative XPS analysis of thiophene-co-pyrrole thin film

Three main components were observed in the Cls spectrum for all (PTh, PPy, Pyrrole-
Thiophene) films. The peak with the lowest binding energy was positioned at 284.3 eV
for the thin film, which is the aromatic C=C bound from thiophene and pyrrole rings. The
second Cls signal observed in the range of approximately 284.9 eV corresponds to C—C
bonds, as also discussed in the XPS investigations of thiophene and pyrrole films. The
third Cls component observed at higher binding energy (285.6 eV) was attributed to
carbon atoms bonded to heteroatoms. While this peak represents C—N bonds for pyrrole

and C-S bonds for thiophene, a structure containing the contribution of both bond types
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is present in the copolymer film (Atanasoska et al., 1992; Bennettand et al., 1993; Hasik
etal., 2002; Z. Zhang et al., 2011).
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Figure 4.17 High-resolution deconvoluted XPS spectrum of the pyrrole-co-thiophene thin
film. The spectrum of C1s, S2p, N1s, and O1s are shown for (a), (b), (c), and
(d), respectively

The reason this peak is more intense and broader in the thiophene-co-pyrrole thin film
compared to the other films may be due to the introduction of two different molecules
into the plasma environment, resulting in a higher abundance of bonds with different
structures compared to the other films. In other words, structures such as C—N, C-S, and
C-0 in the medium appear to be gathered under a single peak (Van Ooij et al., 1996). The
N1s, S2p, and Ols spectrum largely overlap with those of the thiophene and pyrrole thin
films. No significant difference was found other than the alteration of the charge
distribution in the structure caused by the electronegativity properties of nitrogen and
sulfur atoms. Comparative XPS data for the Thiophene thin film, Pyrrole thin film, and
Thiophene-co-pyrrole thin films are given in Table 4.1.
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Table 4.1 Comparative XPS data set of pyrrole, thiophene, and pyrrole-thiophene
copolymer thin films

Orbital Pyrrole Thiophene Pyrrole— Chemical Bond Assignment
Thin Thin Film Thiophene
Film (eV) Copolymer
(eV) Thin
(eV)
C1S 284.3 284.3 284.3 C=C
C 1S 285 284.9 284.9 c-C
C1S 285.8 285.6 285.6 C-S / C—N (heteroatom bonds)
N 1S 398.8 — 398.8 =N- (imine nitrogen)
N 1S 400.1 — 400.0 —NH- (amine nitrogen)
N 1S 401.1 — 401.9 —N* (positively charged nitrogen)
S 2P — 163.3 163.5 S 2ps/> (C-S—C)
S 2P — 164.4 164.7 S 2p1/2 (spin—orbit splitting)
0 1S 532.2 532.0 531.6 C=0 (carbonyl)
O 1S 533.2 533.5 533.0 C-O—C (ether)

4.5 Depth Profile Analysis of Thin Films

The depth analysis results indicate that a common feature of the produced thin films is

that the oxygen concentration decreases from the surface downwards. This situation

explains the presence of oxygen groups observed in the FTIR and XPS results, showing

that they are located predominantly on the surface rather than throughout the entire film.

Furthermore, for the TPP-co-thiophene thin film, it is understood that the concentration

of nitrogen, which was lost within the noise in the XPS data, increases with depth, as seen

in the depth analyses in Figure 4.18(c).
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Figure 4.18 XPS depth profiles of (a) polypyrrole, (b) polythiophene, (¢) TPP-co-
thiophene, and (d) TPP-co-pyrrole thin films

However, when the pyrrole and TPP-co-pyrrole (Figure 4.18 (a) and (d), respectively)
thin films are examined, the nitrogen ratio, which was expected to increase with the
addition of TPP to the structure, did not increase; this indicates that the polymerization
with a 1:1 volume ratio planned in the TPP-co-pyrrole experimental design did not occur
and that the pyrrole concentration is much higher. This situation also provides an
explanation for why the Q bands expected from TPP were not observed in the UV-Vis

spectrum.
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4.6 Morphological Characterization of Thin Films Using AFM and SEM

As seen in Figures 4.19 (a) and (b), pyrrole and thiophene thin films are rougher compared
to their copolymers. The average roughness (Ra) values are 57.4 nm for the pyrrole thin
film and 29.4 nm for the thiophene thin film.

Figure 4.19 AFM and SEM surface morphology images of (a) pyrrole, (b) thiophene, and
(c) TPP thin films deposited by PECVD. For each row, the images from left
to right correspond to AFM, SEM at 5000x magnification, and SEM at
20000% magnification

After copolymerization with TPP and with each other, the Ra values decrease
significantly to 3.47 nm, 0.52 nm, and 0.87 nm for TPP-co-pyrrole, TPP-co-thiophene,
and pyrrole-co-thiophene, respectively [as shown in Figures 4.20 (a), (b), and (c),
respectively]. Among the homopolymers, the smoothest thin film with the most uniform

coverage is the TPP thin film, as shown in Figure 4.19(c), with an Ra value of 4.61 nm.
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According to the SEM images, the copolymer films exhibit higher density compared to
the homopolymers, and the globular structure typically induced by gas-phase plasma
polymerization is less pronounced. The increase in film density is assumed to be caused

by an increase in cross-linking bonds within the deposited film (Nagai et al., 1998).

Figure 4.20 AFM and SEM surface morphology images of (a) TPP-co-pyrrole, (b) TPP-
co-thiophene, and (c) Pyrrole-co-thiophene thin films deposited by PECVD.
For each row, the images from left to right correspond to AFM, SEM at 5000
magnification, and SEM at 20000% magnification



5. CONCLUSION

Within the scope of this thesis, TPP-co-thiophene and TPP-co-pyrrole thin films were
successfully produced in order to overcome the wavelength-dependent limitations of
conventional photosensitizers in PDT applications. During the fabrication process,
plasma-assisted chemical vapor deposition (PECVD) was employed to enable synthesis
without the use of any chemicals or solvents other than the active materials. Based on the
characterization studies performed on the synthesized films, it was demonstrated as an
initial experimental stage that the TPP-co-thiophene thin film could be a promising
photosensitizer. On the other hand, studies carried out with pyrrole revealed that the high
reactivity and volatility of pyrrole led to significantly higher deposition compared to other
monomers during PECVD synthesis. This resulted in the suppression of the characteristic
optical properties of TPP and prevented the film from exhibiting absorption at the desired
wavelengths. Therefore, further optimization of the PECVD system is required for TPP-
co-pyrrole films. Although a similar situation was observed for pyrrole in FTIR studies,
it was still evident that pyrrole, like thiophene and TPP, preserved its aromatic structure.
FTIR analyses also indicated that the films possessed a cross-linked network structure, as
expected from PECVD, suggesting enhanced stability and resistance to aggregation in

biological environments.

As a result of the Ultraviolet—Visible (UV-Vis) spectroscopy analysis, it was determined
that the TPP—thiophene copolymer thin films exhibit absorption at a wavelength of 655
nm with an approximately 10 nm bathochromic shift in the Soret and Q bands. This
critical finding indicates an increase in the conjugation length within the structure and
demonstrates that light absorption in the visible region is enhanced in accordance with
the objective of deep tissue penetration and will be less affected by the optical masking
of melanin pigment. In addition, the broadening of the absorption bands suggests the
formation of J-aggregated oligomeric structures, which are advantageous in terms of
light-harvesting efficiency. In contrast, for TPP-co-pyrrole films, it was observed that due
to the high reactivity and volatility of pyrrole, the optical properties of the polypyrrole
matrix were dominant compared to those of TPP and thiophene. Considering the obtained
UV-Vis, FTIR, SEM, XPS, and AFM data, it has been demonstrated that the PECVD
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method is an effective technique for producing solvent-free photosensitizer films with
homogeneous morphology and tunable optical properties suitable for photodynamic
therapy applications. It is understood from the SEM and AFM images that the roughness
of the homopolymers is higher, while that of the copolymers is lower. Whether the
changing surface area due to roughness is an advantage or a disadvantage should be

investigated in future studies.

One of the most significant limitations of this study is the need to investigate synthesis
parameters that would allow pyrrole/thiophene and TPP to polymerize together at
comparable rates. For TPP-co-thiophene films, although a 10 nm red shift can be
considered successful for plasma polymerization, it is anticipated that this shift could be

further improved through advanced optimization.

Although this thesis successfully presents the synthesis protocols and physicochemical
characterizations of the red shifted photosensitizers, its scope remains limited to materials
engineering and optical optimization. Therefore, the biological activities of the developed
copolymer films are of critical importance for future studies. In addition, although a 10
nm absorption shift was achieved for TPP-co-thiophene, quantitative measurements of
singlet oxygen (*O2) generation are required to verify the photochemical mechanism.
Furthermore, cytotoxicity and dark cytotoxicity tests on healthy cells, as well as
phototoxicity analyses on melanoma cancer cell lines, should be performed to determine
the therapeutic efficacy and biocompatibility of the films. This thesis presents an original,
solvent-free, and green fabrication route for stable and optically tunable photosensitizers,

paving the way for future studies.
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