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Bu arastirma, organik giines hiicrelerinde (OSC'ler) potansiyel uygulamalar1
icin 2-aminofluoren (PAF) bazl bilesiklerin sentezi ve karakterizasyonuna
odaklanmaktadir. PAF matrisinin yapisal, elektriksel, kimyasal ve optik
ozelliklerini degistirmek ve gelistirmek i¢in cesitli konsantrasyonlarda ¢ok
duvarli karbon nanotiipleri (MWCNT) iceren PAF sentezine yonelik yeni bir
enzimatik yaklagim onermektedir. Elde edilen modifiye bilesikler daha sonra
OSC cihazlarinin aktif katmanina dahil edildi. Taramali elektron mikroskobu
(SEM), UV-Vis spektroskopisi, dongiisel voltametri (CV) ve termal analiz
dahil olmak iizere kapsamli karakterizasyon teknikleri MWCNT dahil
edilmesinin  etkilerini degerlendirmek igin kullanilmistir.  Ozellikle,
diferansiyel taramali kalorimetri (DSC) analizi, PAF3'in 155,60 °C'de en
yiiksek erime noktasini (Tm) gosterirken, PAF1'in 26,14 °C'de en yiiksek cam
gegis sicakligini (Tg) gosterdigini ortaya koymus ve bu da bu malzemeler i¢in
olumlu termal kararlilik ve isleme 6zelliklerini gostermistir. Ek olarak, enerji
boslugunun (Egap) PAF3 icin 5,51 eV'de en diisiik oldugu bulunmustur;
PAF1'in Egp't 7,65 eV idi ve bu da PAF3 igin iyilestirilmis yiik tagima
ozelliklerini  Onerilmistir. Sonuglar, OSC'lerin fotovoltaik performans
parametrelerinde onemli iyilestirmeler gostererek, MWCNT'lerin giines
enerjisi uygulamalar: icin PAF bazli malzemelerin 6zelliklerini optimize
etmedeki yararli roliinii vurgulamistir.
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This research focuses on the synthesis and characterization of 2-
Aminofluorene (PAF)-based compounds for their potential application in
organic solar cells (OSCs). We present a novel enzymatic approach to the
synthesis of PAF, which incorporates multi-walled carbon nanotubes
(MWCNT) at varying concentrations to modify and enhance the structural,
electrical, chemical, and optical properties of the PAF matrix. The resultant
modified compounds were subsequently incorporated into the active layer of
OSC devices. Comprehensive characterization techniques, including scanning
electron microscopy (SEM), UV-Vis spectroscopy, cyclic voltammetry (CV),
and thermal analysis, were employed to evaluate the effects of MWCNT
incorporation. Notably, differential scanning calorimetry (DSC) analysis
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revealed that PAF3 exhibited the highest melting point (Tm) at 155.60 °C,
while PAF1 demonstrated the highest glass transition temperature (T) at 26.14
°C, indicating favorable thermal stability and processing characteristics for
these materials. Additionally, the energy gap (Egap) was found to be lowest for
PAF3 at 5.51 eV, compared to PAF1, which exhibited an Egap of 7.65 eV,
suggesting improved charge transport properties for PAF3. The results
demonstrated significant enhancements in the photovoltaic performance
parameters of the OSCs, underscoring the beneficial role of MWCNTS in
optimizing the properties of PAF-based materials for solar energy
applications.

To Cite: Camimkurbey B., Tas R., Giil M. Enzymatic Synthesis and Functionalization of 2-Aminofluorene-Based Compounds

with Multi-Walled Carbon Nanotubes (MWCNT) for Enhanced Performance in Organic Solar Cells. Osmaniye Korkut Ata

Universitesi Fen Bilimleri Enstitiisii Dergisi 2025; 8(2): 856-867.

1. Introduction

Due to their low cost, adaptable structure, and the lightweight and flexible nature of their modules,
organic solar cell (OSC) devices have seen rapid development (Del et al., 2010). In OSCs, which are
formed by laying down organic semiconductors between electrodes, the utilize of semiconductors as
active layers has notably provided to the advancement of OSCs. This is largely because of the variety
and versatility of polymers, their applicability over broad and flexible surfaces, ease of production, and
quick processing methods (MacDiarmid and Heeger 1980; Gerard et al., 2002; Winder and Sariciftci
2004; Sonmez et al., 2005).

Since the charge diffusion capacity in polymers is limited, the photon-absorbing active layer in OSC
devices requires a homogeneous donor-acceptor structure to facilitate efficient charge separation. When
photons reach the polymer layer of the OSC’s active layer, excitons are generated, which then separate
into electrons and holes in the presence of an electric field from the electrodes. Electrons collect at the
anode, while holes accumulate at the cathode, resulting in an electrical current generated from this
charge transfer process (Meissner et al., 1992; Sariciftci et al., 1993; Schilinsky et al., 2002; Gregg and
Hanna 2003; Spanggaard and Krebs 2004). Transparent conductive polymers have been investigated to
facilitate charge transfer in OSC devices (Tian et al., 2004).

Polymers generally exhibit good solubility in solutions. In this work, the layers of OSCs were prepared
using the spin-coating technique, while the aluminum electrode were deposited via thermal evaporation,
as these methods are both economical and efficient (Parker 1994; Mattox 1998; Hadziioannou and
Malliaras, 2006).

Poly(2-aminofluorene) (PAF), as a conjugated polymer, attracts attention with its optoelectronic
properties and applications. Enzymatic methods are generally preferred in the synthesis of PAF,
especially the oxidative polymerization method using horseradish peroxidase (HRP) enzyme is
common. This method increases the reaction rate, minimizes the formation of by-products and provides
high purity polymer. The optical band gap of PAF is typically around 2.6 eV, and its fluorescence
properties can vary depending on the type of solvent, allowing the material to be used in a variety of

electronic applications (Wei et al., 2020).
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The HOMO-LUMO energy levels can be adjusted to desired values by synthesizing various organic
molecules (Balzani, 2001). Charge efficiency along the polymer semiconductor chain is executed
through the delocalization of -electrons (Benigni, 2005). Polyfluorenes are unique conjugated polymers
known for their low operating voltages and high efficiency. Modifications in polymer processability are
enabled by the methylene bridge in the fluorene structure. Alkyl chains attached to the C9 position
increase the polymer’s solubility in various organic solvents without disrupting n-bond delocalization,
thereby enhancing processability (Inaoka and Advincula, 2002).

The integration of conjugated polymers and carbon nanotubes to enhance the performance of organic
solar cells (OSCs) has been extensively investigated in the literature. However, the majority of these
studies have relied on conventional chemical synthesis methods, which often present challenges related
to environmental sustainability and the attainment of high-purity materials. In particular, research on the
enzymatic synthesis of 2-aminofluorene-based materials remains scarce, and the potential synergistic
effects of multi-walled carbon nanotubes (MWCNTS) in OSC applications have yet to be thoroughly
explored.

This study presents the enzymatic synthesis of 2-aminofluorene derivatives, achieving high purity and
minimal by-product formation, followed by their integration with MWCNTSs to optimize optical,
thermal, and electrochemical properties. By employing an environmentally sustainable approach, this
work makes a significant contribution to enhancing the efficiency of OSCs. Furthermore, it addresses
the gap in the literature regarding enzymatic synthesis and provides novel insights into the integration
of 2-aminofluorene-based materials with nanostructures, advancing the field of OSC materials design
and development. Multi-walled carbon nanotubes were mixed to the poly(2-aminofluorene) synthesis,
as they exhibit semiconductor behavior that enhances electrical conductivity and improve crystallinity
of the active layer, thereby strengthening the composites (White et al., 1993; Dekker 1999; Martel et al.,
2001; Jun et al., 2012). The enzymatic method was chosen for synthesis due to its accelerated reaction

rate and absence of by-product formation after synthesis completion.

2. Materials and Methods
A mixture containing specific ratios of 2-aminofluorene, horseradish peroxidase enzyme, and sodium

phosphate buffer in 1,4-dioxane was prepared, to which H.O2 was gradually added over a three-hour
period while continuously stirring the solution. The resulting polymer was then filtered, washed, and
vacuum-dried, completing the enzymatic synthesis of PAF. Subsequently, multi-walled carbon
nanotubes (MWCNT) were dispersed in 1,4-dioxane using ultrasonic treatment for 30 minutes to ensure
homogeneous dispersion and prevent agglomeration. The dispersed MWCNT solutions were then added
to the PAF matrix in varying mass ratios (0.5:1, 1:1, and 2:1) under continuous stirring. The mixtures
were stirred at 500 rpm for 2 hours to promote uniform distribution and interaction between the
MWCNT and PAF. Finally, the composite materials were filtered, washed with deionized water, and

vacuum-dried at 50 °C, resulting in three additional polymer variants, as indicated in Table 1.
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A systematic methodology was employed to determine the optimal concentrations of multi-walled
carbon nanotubes (MWCNTS) to enhance the optical, electrical, and thermal properties of the active
layer materials in organic solar cells (OSCs). MWCNTSs are renowned for their high surface area and
exceptional electrical conductivity. By introducing MWCNTSs at controlled ratios, the study aimed to
improve the efficiency of electron transport pathways within the polymer matrix. Notably, lower
concentrations of MWCNTSs were strategically utilized to achieve a balance between conductivity
enhancement and the mitigation of potential issues such as phase separation and agglomeration, which

are commonly associated with excessive MWCNT loading.

Table 1. Sample codes created by mixing varying mass ratios of MWCNT to the polymer synthesized via

enzymatic method.

Sample PAF MWCNT
PAF1 1 1
PAF2 1 2
PAF3 1 0,5

For OSC device fabrication, the ITO-coated glass substrates were sequentially cleaned in ultrasonicator
with acetone, deionized water, and ethanol, then desiccated with N2 gas. To further clean the ITO
surface, all substrates were treated with ozone plasma for 5 minutes. Following this treatment, the hole
transport layer, poly (styrenesulfonate) (PEDOT: PSS), was spin-coated at 2000 rpm for 60 seconds,
then annealed at 120 °C for 20 minutes. Using the identical methods, a poly(3-hexylthiophene)
(P3HT)/1-(3-methoxycarbonyl) propyl-1-phenyl[6,6]Cei (PCBM)/PAF solution in a 1:1:0.5 ratio in
dichlorobenzene was prepared and annealed at 110 °C for 10 minutes. Lastly, using a shadow mask, a
100 nm thick aluminum (Al) cathode was thermally evaporated onto the final layer of the OSC device.
The same fabrication process, including layer composition and material ratios, was applied to PAF1,
PAF2, and PAF3 samples as active layers, resulting in the formation of three additional OSC devices

with different active layers.

3. Results and Discussions

The UV-VIS analyses of the synthesized samples were conducted using a UV-VIS spectrophotometer.
For this analysis, four polar solvents dichloromethane (DCM), acetonitrile (ACN), acetone, and
dimethylformamide (DMF) were selected to prepare the samples. The excitation and emission spectrum
of the PAFs were also recorded in these solvents. Figure 3 displays the UV analysis graphs obtained
using (a) DCM, (b) ACN, (c) acetone, and (d) DMF as solvents.

According to the UV analysis graphs, the maximum absorbance of the compounds occurs below the
visible region (Figure 1). Among the solutions prepared with different solvents, the highest absorbance,
observed within the 200-400 nm range, belongs to the PAF sample prepared with DCM (a). When
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considering all samples, it was noted that the absorbance of the solutions prepared with ACN (b) was
higher than that observed with other solvents.
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Figure 1. Absorption spectra of the samples formulated in (a) DCM, (b) ACN, (c) acetone, and (d) DMF
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Figure 2. Cyclic voltammetry (CV) analysis graphs of samples.
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The Cyclic Voltammetry (CV) analysis of the synthesized samples was performed. A glassy carbon,
Ag/AgCI and platinum was used as the working electrode, the counter electrode and the reference
electrode, respectively. The solutions were put together in DMF containing TBAP, with compound
concentrations at 5 x 10 M and a sample concentration of 40 ppm. Scanning was conducted over a
range of -1.5V to +1.5V at a rate of 10 mV/s, and the resulting distributions for the samples are presented
in Figure 2.

According to the CV analysis graph in Figure 2, the anodic peak shifts toward the positive potential,
while the cathodic peak shifts toward the negative potential, indicating that the synthesized compounds
exhibit electrochemical stability. By determining the oxidation (Eox) and reduction (Eq) values from
the voltammograms, the Eg.p, HOMO, and LUMO values were calculated using the equations below and
are presented in Table 2 (Cowan and Drisko 1970). Variations in the HOMO-LUMO levels and optical
band gaps, as shown in Table 2, are attributed to the different substituted alkyl chains.

E(HOMO) = —e[EJRS¢t + 4.4] (1)
E(LUMO) = —e[E25¢t + 4.4], )

Table 2. CV analysis results for the samples.

Sample Eox (V) Ered(V) HOMO (eV) LUMO (eV) Egap (V)
PAF 3.11 -7.17 7.61 -2.67 10.28
PAF1 1.56 -6.09 6.06 -1.59 7.65
PAF2 1.49 -7.61 5.99 -3.11 9.10
PAF3 2.52 -2.99 7.02 1.51 551

The thermogravimetric (TG), differential thermal analysis (DTA), and derivative thermogravimetry

(DTG) graphs of the synthesized samples are presented in Figure 3 for samples.
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Figure 3. DTA, TG, and DTG thermal analysis graphs of (a) PAF, (b) PAF1, (c) PAF2, and (d) PAF3 samples.

Differential scanning calorimetry (DSC) analyses were performed to determine the thermal properties
of the synthesized samples, and DSC graphs for samples are shown in Figure 4. According to Table 4,
the maximum mass loss of the samples consist of two stages: the first decomposition is between 200-
229 °C, while the second stage ranges between 653-906 °C. The thermal analysis results indicate that
due to polymer morphology, the decomposition temperatures in the second stage are higher for the
synthesized PAF1, PAF2, and PAF3 samples. The values determined by DTG provide insights into the

material's glass transition temperatures, which range from 254-268 °C.
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Figure 4. DSC graphs for (a) PAF, (b) PAFL1, (c) PAF2, and (d) PAF3 samples.
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Table 3. Decomposition, melting, and glass transition temperatures (Tg) for the synthesized samples.

Sample T, degree of bonded DTG DSC DSC
decomposition (Melting Point) (Glass Transition Temperature)
PAF 229,8-653,3 254.14 124,48 25,59
PAF1 208,8-906,3 261,671 102,13 26,14
PAF2 200,8-911,9 265,91 105,57 25,91
PAF3 219,9-939,0 268,50 155,60 25,34

Based on the thermal analysis shown in Figure 3 and the DSC graphs in Figure 4, the decomposition
temperatures, mass losses, and glass transition temperatures (Tg) of the samples are provided in Table
3.

X-ray diffraction (XRD) spectral analyses were performed on the synthesized samples, and the spectra
for (a) PAF1, (b) PAF2, and (c) PAF3 are shown in Figure 5.
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Figure 5. XRD spectrum graph of the samples (a) PAF1, (b) PAF2, and (c) PAF3.

The SEM images of the synthesized PAF sample at (a) 2 um and (b) 10 um scales are shown in Figure

6. SEM images obtained for PAF composites provide important information about the material surface
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morphology. In the images, it is observed that PAF exhibits a smooth, homogeneous and dense structure.
This structure can be explained as a result of the conjugated network structure formed during
polymerization and is consistent with the morphology observed in similar polymers reported in the
literature (Bilici et al. 2010). The presence of MWCNTSs improves the light absorption capacity and
electrical conductivity by increasing the surface area. Similar studies in the literature have also stated
that carbon nanotube addition significantly increases the mechanical and electrical properties of the
polymer matrix (Martel et al., 2001).
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Figure 6. SEM images of the PAF sample at (a) 2 um and (b) 10 um scales.

At 25 °C, under the spectral intensity of AM 1.5 sunlight, Figure 7 shows the J-V curves for the OSC
devices fabricated with samples.

@ T T 1 T JEAS————— T (*)
1.0+ PR 300 ]
§
08 ¢ R
o Eom T 200
£ 064 ; -
£ o . 2
; £ maon . 2 '_LEM” : 100_
'E 0.2 Potetal (V) *'T-;
g 5
g %0 a o0
g 0.2 E
— S ) i
3 044 3 -1
0.6
. | : . . -200 L—— —_— . :
1 0 1 2 3 -1 0 1 2 3
Potential (V) Potential (V)

Figure 7. J-V curves of OSC devices fabricated with samples (a) PAF and (b) PAF3.

The values of Jipp; Jses Vimpp, and Vi identified from the graphs in Figure 7 are used to calculate the

efficiency (n) and fill factor (FF) of the OSC devices, as presented in Table 4 (Kymakis et al., 2008).
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FF = JmppVmpp

, 3
]SCVOC ( )

Voc FF
n = %]sc Poc : (4)
S

Table 4. The solar cell parameters for the synthesized samples.

Sample Jse V,. FF
(mA/cm?) (V) (%)
PAF 0.22 1.25 36

PAF3 65 092 12

4. Conclusion

This study successfully synthesized and functionalized PAF with varying concentrations of MWCNTS,
demonstrating that MWCNT integration enhances the stability and performance of PAF in OSC
applications. The improved optical absorption, electrochemical stability, and thermal resilience
highlight the potential of these MWCNT-functionalized PAF compounds for use as active layers in
organic photovoltaic devices. This research provides a foundation for further exploration into enzyme-
catalyzed polymer synthesis as a sustainable method for advanced OSC material development. The
enzyme-catalyzed synthesis approach utilized in this study not only facilitated efficient polymerization
with minimal by-product formation but also demonstrated the viability of a green chemistry pathway
for producing advanced conjugated polymers. Overall, this research lays a strong foundation for future
exploration of enzyme-catalyzed polymer synthesis and suggests potential applications in the broader
field of optoelectronic devices. Further studies could explore optimization of MWCNT dispersion and
concentration, as well as investigate the integration of other nanomaterials to tailor the properties of

PAF for specific OSC device architectures.
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