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Abstract

In this study, a new coumarin-based methacrylate monomer was synthesized and its homopolymer P(SCou) was prepared
by free radical polymerization method. The structural characterization of the compounds was performed by using FT-IR,
'H and '3C-NMR spectroscopic techniques. The thermal behavior of the polymer was investigated by differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) methods. Thermal decomposition kinetics were investigated with
TGA results at different heating rates by non-isothermal method. Thermal decomposition activation energy of homopoly-
mer was calculated according to Flynn—Wall-Ozawa in the 5%-50% conversion range. The average activation energy of
P(SCou) was found to be 220.21 kJ/mol. Theoretical calculations were done with Gaussian and the results were visualized
with GaussView 5.0 and IQMol. Geometry optimizations of sulfocoumarin monomer and polymer were calculated with
Becke-3-Lee—Yang—Parr’s functional correlation (B3LYP). Optical band gaps for sulfonyl coumarin-(SCou), its monomer
SCou-MA and P(SCou) compounds are 3.615, 3.723 and 3.792 eV, respectively. The dielectric properties of the polymer
were investigated as a function of frequency and temperature in the frequency range of 1-200 kHz. Also, a heterojunction
Shotky diode of the polymer was prepared on a p-type Si substrate using the thin-film technique. The I-V characteristic of
the polymer/p-Si thin film heterojunction diode was determined between+4 V and the various illumination intensities. The
device has displayed good rectification behavior proving the creation of Schottky junction. The ideality factor was determined
as 3.71, and the reverse supply current was determined as 8.78 X 107 A.
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Introduction

In recent years, the use of organic compounds, which have
more favorable and more promising properties for many
application areas, instead of traditionally known inorganic
semiconductor materials, has attracted the attention of
researchers [1]. These organic materials and their derivatives
have mostly been studied in different device formats such as
Schottky diodes, organic light-emitting diodes, organic field-
effect transistors, photovoltaic (PV) and solar cells [2-8].
Coumarins are organic heterocyclic compounds known
as benzopyrans, formed as a result of the coordination of

P4 Fatih Biryan
fbiryan @firat.edu.tr

Department of Chemistry, Marmara University, 34722,
Kadikoy, Istanbul, Turkey

Faculty of Science, Department of Chemistry, Firat
University, 23169 Elazig, Turkey

the pyran ring and the benzene ring. Due to their unique
properties, coumarins have attracted interest in research
studies [9-11]. However, coumarin derivatives are color-
less and exhibit intense fluorescence and absorption spectra
with a high quantum yield in the visible range [12—14]. In
addition, coumarins can be used in versatile scientific and
technological applications such as photonics and optoelec-
tronics, organic light-emitting diodes and solar cells, due
to their easy synthesis, high efficiency, good solubility and
excellent photostability [15—18]. The optical properties of
the coumarin molecule change when a functional group is
added. The type of functional group, whether it is an elec-
tron donor or acceptor, electron delocalization and hence
electron mobility plays a very important role in the molecu-
lar structure of coumarin [19-21].

Functional polymers have attracted great commercial and
scientific interest due to their potential and promising appli-
cations in many fields such as energy, biosensors and high
performance materials. Functional polymers can prepared
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by polymerization of monomers obtained as a result of
chemical modification of desired groups [22, 23]. Due to
the increasing need for advanced technological materials
with different properties, studies on the synthesis of new
functional polymers and determination of application areas
continue [24-28]. Acrylate and methacrylate derivatives are
the most widely used ways in polymerization to increase
the functionality of functional polymers. The wide range of
applications of acrylate and methacrylate-containing mono-
mers and polymers has attracted the attention of scientists
[29, 30]. Methacrylate monomers provide high light trans-
mittance due to their optical transparency. In addition, their
high mechanical and thermal durability allows them to be
used in a wide range of applications [31].

Although there are few studies on the electrical prop-
erties of coumarin compounds, the synthesis, thermal and
electrical properties of the methacrylate polymer bearing
coumarin side chains containing sulfonyl groups have not
been encountered. In this study, a new coumarin-based
methacrylate monomer was synthesized and its homopoly-
mer was prepared by free radical polymerization method
in presence of AIBN. The thermal behavior of the poly-
mer was investigated by differential scanning calorim-
etry (DSC) and thermogravimetric analysis (TGA) meth-
ods. Thermal decomposition kinetics were investigated
with TGA results measured at different heating rates by
non-isothermal method. Thermal decomposition activa-
tion energy of homopolymer was calculated according to
Flynn—Wall-Ozawa in the 5%-50% conversion range. Theo-
retical calculations were done with Gaussian and the results
were visualized with GaussView 5.0 and IQMol. Geometry
optimizations of sulfocoumarin monomer and polymer were
calculated with Becke-3-Lee—Yang—Parr’s functional cor-
relation (B3LYP) The dielectric properties of the polymer
were investigated as a function of frequency and temperature
in the frequency range of 1-200 kHz. Also, a heterojunc-
tion Shotky diode of the polymer was prepared on a p-type
Si substrate using the thin-film technique. The I-V charac-
teristic of the polymer/p-Si thin film heterojunction diode
was determined between +4 V and the various illumination
intensities.

Experimental
Materials

2,4-dihydroxybenzaldehyde, 4-methylsulfonyl)phenylacetic
acid, sodium acetate, dry acetic anhydride, methacryloyl
chloride and triethylamine were kindly provided by Sigma-
Aldrich and used as received. All of the other materials used
were of analytical purity and were used as commercially
received.
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Characterization techniques

The NMR spectra of samples were recorded by 400 MHz
Bruker AVANCE III NMR spec-trometer. FT-IR spectra of
the pecimens that are in the powder form has been recorded
by using the Attenuated Total Reflection (ATR) unit of the
Thermo Nikolet IS5 spectrometer in the 400-4000 cm !
range. A background cancelation was in session after every
reading and the spectra have been obtained at the end of
16 successive reading. Thermogravimetry (TG) measure-
ments were carried out using a Shimadzu DTG-60 model
thermogravimetric analyzer under nitrogen flow (10 mL/
min) from 25 to 600 °C at heating rate of 10 °C /min.
The current—voltage(I-V) and capacitance—voltage (C-V)
measurements were taken using FYtronic Electric Char-
acterization system carried out in the dark. Optical spec-
tra in the UV—vis region were recorded with a Shimadzu
2450 UV-vis spectrophotometer. Fluorescence excitation
and emission spectra were recorded on the Hitachi F-7000
spectro fluorometer using 1 cm path length cuvette at room
temperature.

7-Hydroxy-3-[4-(methylsulfonyl)phenyl]-coumarin
synthesis

2.00 g (14.48 mmol) 2,4-dihydroxybenzaldehyde, 3.10 g
(14.48 mmol) 4-methylsulfonyl)phenylacetic acid and 1.78 g
(21.72 mmol) sodium acetate were dissolved in 15 mL dry
acetic anhydride and heated 160 °C under N, atmosphere
for 22 h. The reaction product was precipitated in ice water
and filtered. The crude product containing acetyl group
was dissolved in 100 mL MeOH/THF (3:1) and 1.00 g
(41.75 mmol) LiOH solution dissolved in 5 mL of water
was added to the reaction. After 3 h, the reaction mixture
was precipitated into acidic ice water. The precipitate was
filtered by filtration and dried. The crude product was puri-
fied by crystallization in methanol. Yield 3.75 g (81.87%).
Synthesis reaction of SCou is shown in Scheme 1.

The FT-IR spectrum of SCou is shown in Fig. 1.

FT-IR (ATR, v, cm™!): 3281 (=OH), 3063-3025
(Ar-C-H), 2996-2924(Aliphatic-C—H), 1723 and 1671
(-C=0), 1608-1589 (Ar-C=C).

The 'H and '*C-NMR spectra of SCou are shown in
Fig. 2a and b, respectively.

"H-NMR (400 MHz, DMSO-dy): 8;;, ppm: 10.76 (1H,
H'), 8.34 (1H, H®), 7.99 (4H, H'*-H"), 7.66-7.63 (1H,
H*), 6.87-6.85 (1H, H?), 6.76 (1H, H"), 3.26 (3H, H').

3C-NMR (400 MHz, DMSO-d): 8¢, ppm: 162.40
(C'%), 160.23 (C?), 155.77 (C%), 143.25 (C?), 140.68
(CY, 140.34 (C™), 130.95 (C%), 129.52 (C1), 127.31
(C'2), 120.89 (C?), 114.14 (C?), 112.29 (C?), 102.28 (C7),
044.01 (C'®) Scheme 1.
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Fig. 1 FT-IR spectrum of SCou
(ATR)
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SCou-MA monomer synthesis

1 g (3.16 mmol) SCou was dissolved in THF and 0.363 g
(3.48 mmol) triethylamine was added in the reaction flask.
After cooling the solution temperature to 0-5 °C with
an ice bath, 0.351 g (3.48 mmol) methacryloyl chloride
added dropwise in the reaction for 20 min. After 12 h,
the reaction was stopped and the salt formed was filtered
and precipitated in water after removing some of the sol-
vent. The product was filtered as white solid and dried at
30 °C under vacuum. The yield of the monomer was cal-
culated as 82%. Synthesis reaction of SCou-MA is shown
in Scheme 2.

The FT-IR spectrum of SCou-MA is shown in Fig. 3.The
important signals for structure of monomer are summarized
following as:

FT-IR (ATR, v,,,, cm™'): 3063-3011 (Ar-C-H),
2976-2926 (Aliphatic-C-H), 1726 and 1697 (-C=0), 1632
(C=C in viniyl group), 1613-1591 (Ar-C=0C).

The 'H and '*C-NMR spectra of SCou-MA are shown in
Fig. 4a and b, respectively.

'H-NMR (DMSO-d,, Sppm): 2.03 (3H, H'7), 3.28 (3H,
H“), 5.98 and 6.35 (cis (HZO) and trans (ng) proton respec-
tively on vinyl group), 7.27 (1H, H2), 7.44 (1H, H6), 7.89
(1H, H%), 8.02-8.01 (4H, H"'-H'?), 8.44 (1H, H').

3C-NMR (DMSO-d,, Sppm): 18.49 and 43.95 (methyl
carbons, C17 and C14), 110.41 (C6), 117.72 (C4), 119.50

I I I I I
2500 2000 1500 1000 500

Wavenumbers (cm™)

I
3000

(C2), 125.25 (C8), 127.38 (C11), 129.01 (C18), 129.89
(C12), 130.38 (C3), 135.39 (C16), 140.11 (C10), 140.93
(C13), 142.26 (C7), 153.79 (C1), 154.26 (C5), 159.71 (C9),
165.61 (C15).

Free radical polimerization of SCou-MA

SCou-MA monomer was polymerized by free radical polym-
erization method at 60 °C in the presence of 1,4-dioxane
using AIBN as initiator. The obtained polymer was pre-
cipitated by dropwise transfer to ethanol. The polymer was
dissolved in tetrahydrofuran and a second precipitation was
made in ethanol then dried under vacuum at 40 °C for 12 h.
Synthesis reaction of P(SCou) is shown in Scheme 3.

The FT-IR spectrum of P(SCou) is shown in Fig. 5, and
it represented the important signals such as (vmax, cm™!):
1725 (ester carbonyl), 1610 (carbonyl on coumarin) and
1350-1307 (S =0 stretching).

'H-NMR spectrum was given in Fig. 6a. The character-
istic signals of polymer were summarized for as follows:
(DMSO-dg, dppm): 8.39-7.18 (8H, aromatic ring protons),
3.34 (methyl protons on the side chain), 1.30 and 0.90 (main
chain protons).

I3C-NMR spectrum was given in Fig. 6b.1°C-APT NMR
(DMSO-dg, dppm): 18.49 and 43.88 (methyl carbons),
24.47-25.04 (main chain carbons), 159.46 (carbonyl carbon
on coumarin), 165.32 (carbonyl carbon on methacrylate).
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In the FT-IR spectrum of the homopolymer, the C=C
stretching vibration belonging to the vinyl group in the
monomer disappeared. In addition, the olefinic protons of
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170 °C,22 h

Scheme 1 Synthesis of SCou
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the monomer at 5.98 and 6.35 in the H-NMR spectrum of
the homopolymer were disappeared. These protons were
observed as main chain protons in the range of 0.9-1.40 ppm.
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Scheme 2 Synthesis of SCou-MA monomer

Results and discussion
Thermal characterization

The glass transition temperature, which is a characteristic
value for polymers, is known as the temperature at which the
polymer becomes hard and brittle when cooled after heating.
Therefore, it is important to determine the glass transition
temperature in the investigation of the thermal behavior of
newly synthesized polymers. At the glass transition tempera-
ture, the weak secondary bonds that bind the polymer chains
together are broken and the macromolecule begins to form.

DSC analysis was performed under nitrogen atmosphere
from ambient temperature to 200 °C at a heating rate of
20 °C min~!. DSC curve of P(SCou) is shown in Fig. 7. The
glass transition temperature was determined as 122 °C. This
temperature is considerably higher than some methacrylate
polymer in the literature [32, 33]. This is thought to be
due to the presence of the coumarin group, which is a hard

Fig.3 FT-IR spectrum of
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and bulky structure, in the side chain of the homopolymer.
The glass transition temperature of amorphous polymers is
related to the chain flexibility. This value is characteristic
for understanding the chain mobility of polymers. Coumarin
and sulfo groups in the structure of P(SCou) decrease poly-
mer chain flexibility and increase Tg.

In Fig. 8a the non-isothermal TGA curves of the P(SCou)
homopolymer are shown comparatively. TGA analyzes were
carried out at different heating rates of 5, 10, 20, 30 and
40 °C/min in nitrogen atmosphere from room temperature
to 600 °C and with approximately 5 mg sample. Figure 8a
shows the non-isothermal TG curves and as a compari-
son to that of P(SCou). Decomposition of P(SCou) was
found to occur in two stages. The initial and fnal degrada-
tion temperatures are: 326—424 °C for the frst stage, and
462-560 °C for the second stage. There are two different
methods known as model fitting and model-free for the
analysis of kinetic data obtained from TGA measurements.
Flynn—Wall-Ozawa which is a model-free method, was used
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to determine the thermal decomposition activation energy
of SCou homopolymer [34, 35]. FWO curves were obtained
by using the temperature values obtained from different
heating rates in the 5%-50% conversion range of P(SCou).
Activation energies corresponding to the 5%-50% conver-
sion range for the homopolymer were calculated from the
slope of the Inp lines versus the 1/T curves shown in Fig. 8b.
According to these results, the average activation energy
of P(SCou) was found to be 220.21 kJ/mol at 0.50 conver-
sion. This value is higher than the activation energy of the
methacrylate polymer containing chalcone group determined
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according to the Flynn—Wall-Ozawa method in the litera-
ture [36]. The activation energy obtained from the TGA
analysis is determined depending on the mass loss during
decomposition [37]. It was also observed that the activation
energy showed an increasing—decreasing effect with extent
of conversion. Generally, there is an increase in activation
energy due to degradation. It can be observed, the activation
energy for 0.3 conversion is maximum value. The change
of activation energy depending on the conversion degree is
shown in Fig. 9. At the initial values of the convertion, the
activation energy was determined as minimum. Activation
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Dioxane

Scheme 3 Synthesis of P(SCou)

energy is low in the frst phase of the conversion because
of the elimination of evaporating contents and breaking of
weaker bonds [38]. High values in activation energy can be
attributed to the depolymerization that occurs in the polymer
under dynamic heating conditions [39].

Theoretical calculations

Theoretical calculations were done with Gaussian 09 [40],
and the results were visualized with GaussView 5.0 [41]
and IQMol. Geometry optimizations of sulfocoumarin
(SCou), monomer-sulfocoumarin SCou-MA and polymer
sulfocoumarins P(SCou,_, 4) were calculated with Becke-3-
Lee—Yang—Parr’s functional correlation (B3LYP) [42—44] of
6-31G(d,p) level of theory in the density functional theory.
Frequency studies were done in addition to geometry opti-
mization and compared to experimental data. Electrostatic
potential measurements were used to compute the total
electron density surface. SCF/ESP was used as the density

Fig.5 FT-IR spectrum of
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matrix to display the whole electron surface. The Polarizable
Continuum Model (PCM) [45, 46] in the ground state, as
implemented in Gaussian09, was used to explore the sol-
vent impact. The time-dependent DFT approach was used to
detect UV-Vis absorption and fluorescence emission spec-
tra in chloroform to compare experimental and theoretical
absorption and emission spectra.

Ground state electronic absorption and fluorescence
spectra

Coumarins can be characterized by UV-Vis and Fluo-
rescence spectroscopy due to their emission and absorp-
tion in the UV visible region. The characteristic bands
of coumarins are generally observed in the viole region
(300-400 nm). Sulfocoumarin SCou, monomer SCou-
MA and polymer Poly(SCou) samples were measured in
chloroform. Absorption bands were observed at 343 nm
(loge =4.88) for sulfocoumarin SCou and 333 nm
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(loge =4.89) for monomer-sulfocoumarin SCou-MA at
327 nm (loge =4.94) for polymer sulfocoumarin. The UV
of the hydroxy coumarin compound shifted to 10 nmblue
with the addition of the methacrylate group in the mono-
mer. The homopolymer obtained by polymerization of the
monomer shifted to 6 nm blue. The reason for the blue
shift is the hydrogen bond molecular interactions between
the monomers in the polymer structure [47].
Sulfocoumarin (SCou), monomer-sulfocoumarin SCou-
MA and polymer sulfocoumarin (Poly-SCou) compounds
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have high fluorescence emission in chloroform. The
emission bands of coumarins were observed at 433 nm
(A" =343 nm) for (SCou), 413 nm (A*",,,=333 nm)
for SCou-MA and 411 nm (loge =4.94) for P(SCou).
There are 6060, 5817 and 6216 cm-1 stokes shifts between
emission and absorption bands of sulfocoumarin (SCou),
monomer-sulfocoumarin SCou-MA and polymer sulfocou-
marins, respectively. The Stokes shift was decreased when
the methacrylate group was added to coumarin because the
hydroxyl (~OH) is a donor group. In addition, the hydrogen
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Fig.7 DSC curve of homopolymer P(SCou)

bond molecular interactions between the monomers in the
polymer structure increased the Stokes shift compared to
the monomer.

Density functional theory results

Recently, theoretical calculations have become very attrac-
tive to study the molecular, electrochemical, thermochemi-
cal and spectral properties of compounds. Polarizability (x),
HOMO-LUMO, band gap (EGAP), dipole moment (D),
ionization potential (IP), electron Affinity (EA), electron-
egativity (), chemical hardness (n), global softness (o),
electrophilicity index (w) values of Sulfocoumarin (SCou),
monomer SCou-MA and (Poly-(SCou n=2-6) were calcu-
lated by DFT method.

The polymer sulfocoumarin compound was optimized to
contain di-, tri-, tetra-, penta-, and hexa-monomer and the
values were compared among each other. Calculated param-
eters of all sulfocoumarin forms are shown in Table 1.

Polarizability (a) gives a good idea for the dielectric
properties of polymers. Electric fields inside dielectrics
polarize the material. Therefore, polarizability is related to
the dielectric constant. As the dielectric constant increases,
the polarizability also increases. As the number of electrons

in the molecule increases, the polarizability increases,
but there is a negative correlation between the values of
polymers containing n=3 and 5 monomers, and polymers
containing n=2, 4 and 6 monomers. The reason for this
inconsistency is the variable symmetry of the structure and
the dipole moment. HOMO (Highest Occupied Molecular
Orbital) values of sulfonyl coumarin SCou and its mono-
mer SCou-MA and polymer P(SCou =, 4) compounds are
close to each other for all compounds (between -6.196
and -6.510 eV)). LUMO (Lowest Unoccupied Molecular
Orbital) values decreased in monomer structure compared
to sulcoumarin and continued to decrease as the number of
monomers in the polymer increased (between -2.225 and
-2.919 eV). The band gap of the monomer increased rela-
tive to the sulpho-coumarin compound. Band gap decreased
as the number of mers in the polymer chain increased. In
addition, single mer number polymers have wider band gaps
and double mer number polymers have narrower band gap
(Fig. 10). The formula E,=1240/A (eV) was used while
calculating the optical band gaps. Optical band gaps for
sulfonyl coumarin-(SCou), its monomer (Mono-SCou)
and P(SCou) compounds are 3.615, 3.723 and 3.792 eV,
respectively.

The bond polarity of the coumarin derivatives increased
with the obtaining of monomer from the sulcoumarin

@ Springer
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Fig.8 (a) TGA curves in difer- TGA
ent heating rates of P(SCou) %
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compound and the polymer number increased when n=2,
4 and 6, but decreased when n=3 and 5. The ionization
potential (IP), electron affinity (EA), electronegativity (),
chemical hardness (1) and softness (o) values for all cou-
marin compounds are close to each other.

The obtained molecular orbital diagram from DFT
of compound are shown in Fig. 11. For the total electron
densities of coumarin compounds, the total SCF density
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(isoval =0.0004 e/au’) was calculated and mapped with
electrostatic potential (ESP). SCou-MA has a darker elec-
tron density map than the SCou compound as a result of
the conversion of the electron-donating hydroxy group to
ester. The red color symbolizes electronegativity, that is, the
substituent in that region is the electron withdrawing group.
The green color is neutral and the blue color symbolizes
electropositivity, that is, the substituent in that region is the
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Fig.9 Comparison of the
dependence of Ea on the extent 400
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Table 1 The calculated parameters of the (SCou), (SCou-MA) and P(SCou,_, 4) derivatives using the B3LYP/6-31G (d,p) level of theory, the
DFT method

SCou Mono-SCou Poly(SCou)

(n=2) (n=3) (n=4) (n=5) (n=6)
Polarizability (o) 225.07 279.81 553.77 818.80 737.69 1361.9 901.10
LUMO + 1 Energy -0.995 -1.665 -2.404 -2.628 -2.584 -2.814 -2.880
LUMO Energy (E; yyo) 2,225 -2.378 2719 -2.815 -2.951 -2.870 2919
HOMO Energy (Eyomo) -6.202 -6.390 -6.415 -6.473 -6.307 -6.510 -6.196
HOMO -1 Energy -7.196 -7.169 -6.785 -6.669 -6.569 -6.515 -6.372
Energy Gap (Egap) 3.977 4.012 3.696 3.658 3.356 3.640 3.277
Dipole Moment (D) 6.990 7.680 11.710 11.540 12.480 10.930 18.980
Tonization Potential (IP) 6.202 6.390 6.415 6.473 6.307 6.510 6.196
Electron Affinity (EA) 2.225 2.378 2.719 2.815 2.951 2.870 2.919
Electronegativity (x) 4.214 4.384 4.567 4.644 4.629 4.690 4.558
Chemical Hardness (1)) 1.989 2.006 1.848 1.829 1.678 1.820 1.639
Global Softness (o) 1.006 0.997 1.082 1.093 1.192 1.099 1.220
Electrophilicity index (w) 4.464 4.790 5.643 5.896 6.385 6.043 6.338
EGapr=Enomo—ELumo IP=-Egomo EA=-E;ymo x=IP+EA)/2
n=(>P - EA)2 6=1/2n w=x%/2n

Formula references from [48-54]
The dipole moment unit is Debye (D).
The polarizability unit is Hartree (a.u.)

HOMO and LUMO energy, Energy gap, Electron affinity, Ionization potential, Chemical hardness, Electronegativity, and Electrophilicity index
unit are Electron Volt (eV)

The global softness unit is 1 / Electron Volt evh
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Fig. 10 (a) The normalized UV—Vis absorption spectra of sulfocoumarin
(SCou), monomer-sulfocoumarin SCou-MA and polymer sulfocou-
marins Poly(SCou,_, ¢) in chloroform. (b) The normalized fluorescence
emission spectra of sulfocoumarin (SCou), monomer-sulfocoumarin
SCou-MA and polymer sulfocoumarins Poly(SCou,_, ) in chloroform.

electron-donating group. The sulfonyl, lactone and meth-
acrylate carbonyl are electronegative, while the hydroxy
group is electropositive. Terminal methyls are neutral and
hydrogens attached to carbons 4 and 5 of coumarin are
slightly electropositive protons.

Theoretical absorption and emission values of the SCou
compound were calculated by Time-Dependent Density
Functional Theory (TD-DFT) method using the Polarizable
Continuum Model (PCM) in chloroform and compared with
experimental values (Fig. 12). In the absorption of the SCou
compound, the experimental HOMO — LUMO transition is
at 343 nm and the calculated HOMO — LUMO (98%) transi-
tion is at 346 nm. In the emission of the SCou compound,
the experimental HOMO — LUMO transition is at 433 nm
and the calculated HOMO — LUMO transition (98%) is at
417 nm. The stokes shifts between absorption and emis-
sion are 6060 cm™" (90 nm) for experimental and 4921 cm™!
(71 nm) for theoretical.
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(c) Representation of stokes shift between the experimental absorption
and emission spectra for sulfocoumarin in chloroform. (d) Representa-
tion of stokes shift between the theoretical absorption and emission spec-
tra for sulfocoumarin in chloroform

Dielectric properties

It is very important to investigate the dielectric behavior
of newly obtained polymers for the determination of elec-
tronic components. Impedance analyzer technique is one of
the most common methods used to determine the dielectric
behavior of functional polymers. The dielectric constant
is polarization capacity for materials in applied electrical
area [55]. Dielectric properties change depending on fre-
quency and temperature. The dielectric constant is a param-
eter that provides important information about the phase
transitions and electron transport mechanism in polymer
structures [56]. In order to determine the dielectric proper-
ties, first of all, the powder polymer was formed into a disc
with a diameter of 13 mm under 5 tons of pressure. The
thickness of these prepared discs was precisely measured
with a digital caliper. Capacitance (Cp), loss factor (DF)
and conductance (Gp) values were recorded in the range
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Fig. 11 The obtained molecu-

lar orbital diagram from DFT :
of sulfocoumarin (SCou), -1.0 4
monomer-sulfocoumarin SCou-

MA and polymer sulfocoumarins

204 2225
Poly(SCou,_, ¢) = o 132 -2.719
-—
304
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-8.0 i %‘ .
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of 1 kHz to 200 kHz with a computer-controlled HIOKI £C d
brand IM3536 model impedance analyzer. As a result of P Ag, M
the results obtained, dielectric constant (g'), dielectric loss
€") and conductivity (log cac) values were plotted against " ,
(e") y (log cac) p g ¢ = DF )

frequency as shown in Fig. 13.

Fig. 12 Displaying and
comparisoning of the electron SCou
density surfaces of sulfocou-
marin (SCou) and monomer-
sulfocoumarin SCou-MA

Mono-SCou

Electropositive Neutral Electronegative
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Fig. 13 Variation of (a) dielectric constant (b) dielectric loss anda (¢) conductivity of poly (SCou)

A: surface area of the sample (m?); &' dielectric constant

C: parallel capacitance (F); e": dielectric loss

d: thickness of the polymer sample (m)

g,: ermittivity in free space (8.85 x 1072 F/m)

The variation of the dielectric constant, dielectric loss
and ac conductivity of the homopolymer with frequency
(1-200 kHz) and temperature (25, 40, 60, 80 °C) is shown
in the Fig. 13. It is clearly seen that the dielectric constant
decreases with increasing frequency values at constant tem-
peratures. It is also possible to see that the dielectric con-
stant increases with increasing temperature values. It has
been observed that the dielectric constant and dielectric loss
decrease as the frequency increases and remain constant at
higher frequency values [57]. The reason for this situation
is that there is no interfacial polarization mechanism at high
frequencies and therefore the dielectric constant at high fre-
quencies does not show a sudden decrease as in the low
frequency region [58].

@ Springer

A significant change was observed in the dielectric con-
stant of the polymer with the increase in temperature. The
dielectric constant increased from 6.91 to 14.02 at 1 kHz
from room temperature to 80 °C. In the literature, dielectric
constant of coumarin-containing polymer at 1 kHz at room
temperature was determined as 5.91.

In this study dielectric constant of P(SCou) higher
than the this polymer containing chlorine-coumarin [36].

Table 2 Dielectric parameters of Poly(SCou) at different temperature

Tempeture (K) Dielectric Dielectric  AC conductivity log 6,
Constant  Loss (¢")  (0,.)
(&)
298 6.91 0.0562  221x107% -7.655
313 7.09 0.0745  3.94x10™% -7.404
333 10.58 0.1082  1.11x10°Y -6.951
353 14.02 0.1595  1.48x107 -6.829
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P(SCou) contains coumarin and sulfo groups together in
this structure, so it becomes more polarized in the electric
field. The increase in dielectric properties with temperature
can be referred to an increase in charge density as a result

of interface polarization. As the temperature increases,
polarization of polar groups and pi-conjugation increase the
dielectric constant. The dielectric properties of the polymer
increased, as the orientation of the dipoles became easier at
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Fig. 15 The current—voltage
graph of poly(SCou) photodiode -5
under different intensities of
solar light
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high temperatures. In this context, from 25 °C to 80 °C the
dielectric loss changed from 0.056 to 0.159, the AC conduc-
tivity changed from 2.21x 1078 to 1.48x 10~ S cm™!. The
dielectric parameters of P(SCou) at different temperature are
summarized in Table 2.

Electrical properties

The aluminum ohmic contact p-Si substrate was cleaned
in an ultrasonic homogenizer using deionized water and
dried with a nitrogen gas. The polymer tetrahydrofuran was
coated as a thin film on p-Si by drop coating method. The
prepared films were dried on a hot plate at 40 °C. For the
upper contact, aluminum was coated on the p-Si wafer. The
current—voltage and capacitance—voltage measurements
carried out by using FYtronic Electric Characterization
system. The current—voltage characteristics of the poly-
mer were determined using various illumination intensities
between +£4 V at room temperature. The [-V characteristics
of the polymer/p-Si thin film planar heterojunction diode
are shown in Fig. 14. The current—voltage characteristics
of the produced diode showed good rectification behavior.
The rectification ratio of the heterojunction diode in dark
conditions was calculated as (RR) 86.125. While there is no
significant change in the flow values in the reverse region,
there is an increase in the flow in the forward region. This
means that this device, which transmits electric current in
one direction, can be used as a diode.
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Voltage (V)

The ideality factor (n) of the diode was calculated by
using Eq. 4 [59]. Where k is the boltzman constant k:
8.61x 107 eV-K™! where T is the analysis temperature in
Kelvin.

n=gqdV/kT In (I) 4)

According to this equation, the InI versus V graph of the
diode was drawn. The ideality factor (n) was determined
using the slope of the forward current region, and also the
constant value of this line equation is equal to the reverse
feed saturation current In I,. The ideality factor was deter-
mined as 3.71 and the reverse supply current was determined
as 8.78x 107 A. The ideality factor provides information
about the recombination process occurring in the diode and
helps to compare it with an ideal diode. However, the reverse
current gives the number of charge carriers that can exceed
the barrier height in the reverse direction [60].

The Barrier height of the diode was calculated by using
Eq. 5. Here, A*=32 A/cm? K2, the effective Richardson
constant for p-Si.

kT AA*T?
0=—1In 7 5)
q 0

The barrier height is distribution in minority charge car-
riers between n-side and p-side of the diode and depletion
region of the diode and calculated 0.54 eV for polymer/p-
Si thin film planar heterojunction diode [61]. I-V behaviors
at various illumination intensities of P(SCou) are shown
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in Fig. 15. There are gaps between the current values in
the reverse bias region in the measurements in the dark
and under the light in the figure. These intervals caused
an increase in the light sensitivity of the diode in reverse
current with increasing illumination intensity. There are
strong intervals between current values in the reverse bias
zone of the performed measurements in the dark and under
illumination.

Conclusion

In conclusion, new methacrylate monomer containing
sulfo-coumarin group and its homopolymer were syn-
thesized. TGA analyzes were recorded at different heat-
ing rates to determine the thermal kinetic behavior of the
polymer. According to the TGA results, thermal stability
increased depending on the heating rate. The average acti-
vation energy was calculated as 220 kJ/mol according to
the FWO method. Theoretical calculation of compounds
were done with Gaussian. Optical band gaps for SCou,
SCo-MA and P(SCou) are 3.615, 3.723 and 3.792 eV,
respectively.

The dielectric properties of the P(SCou) were investigated
as a function of frequency and temperature in the frequency
range of 1-200 kHz. It is clearly seen that the dielectric
constant decreases with increasing frequency at constant
temperatures. The reason for this situation is that there is no
interfacial polarization mechanism at high frequencies and
therefore the dielectric constant at high frequencies does not
show a sudden decrease as in the low frequency region. A
significant change was observed in the dielectric constant of
the polymer with the increase in temperature. The dielectric
constant increased from 3.81 to 14.02 at 1 kHz from room
temperature to 80 °C. The increase in dielectric properties
with temperature can be referred to an increase in charge
density as a result of interface polarization.

The current—voltage characteristics of the polymer
were determined using various illumination intensities
between+4 V at room temperature. The current—voltage
characteristics of the produced diode showed good recti-
fication behavior. The rectification ratio of the heterojunc-
tion diode in dark conditions was calculated as 86.125. The
ideality factor was determined as 3.71, and the reverse sup-
ply current was determined as 8.78 x 107 A. The ideality
factor provides information about the recombination pro-
cess occurring in the diode and helps to compare it with an
ideal diode. According to the results, the properties of the
P(SCou)/pSi diode produced can be used in photodiode and
sensor technology applications.
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