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Abstract

In the present work, a Schiff base was obtained from reaction of 1-naphthylamine with salicylaldehyde and its
polymer (poly(NIMP)) was synthesized via oxidative polycondensation. The characterizations of the synthesized
Schiff base and poly(NIMP) were determined by '"H NMR, *C NMR, FT-IR, GPC and TGA techniques. The film
of synthesized poly(NIMP) was prepared. The film thickness was found to be 106 pum. The optical band gap (E,)
values of the film were determined by UV-vis spectroscopy. Direct, indirect and forbidden indirect band gap (£,
Eqiq and Egs4) values of the film were found as 1.698, 1.223 and 1.461 eV, respectively. Surface properties of the
film were investigated by Atomic force microscope (AFM). In the AFM results, the average surface roughness and
average square root roughness were obtained as 2.46 and 3.79 nm, respectively. A negative skewness value exhibited
dominant valleys while the high kurtosis value exhibited spiky features.
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Introduction

PolySchiff bases (PSs) are known as polyazomethines or
polyimines. PSs including imine (-N=CH) group have supe-
rior properties due to ability of forming coordination com-
plexes and good thermal stability [1]. PSs and their complexes
are used in many applications such as photonics, optoelectron-
ics, electronics and biological ones as well as in the various
fields like hydrometallurgy, polymeric drug grafts, waste wa-
ter treatment, organic synthesis and nuclear chemistry [2-6].
The conjugated PSs have also particular importance in this
group. The conjugated PSs have high thermal conductivity
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in terms of the conjugation of these molecules and numerous
aromatic heterocyclic rings. The conjugated PSs and their de-
rivatives are used as potential brightness modifiers in ferro-
magnetic materials, conductors, new composites and photo-
electronic materials in magnetic resonance imaging [7-9].
Besides, conjugated polymers (CPs) and their films have
many advantages for potential applications such as photovol-
taic cells, sensors solar cells and transistors. [10—15].

The determination of optical parameter such as optical
band gap is rather significant for optic application area [16].
Also, the polymers with low band gap are desired materials for
optoelectronic, photovoltaic and solar cell applications be-
cause of their processability, higher intrinsic conductivity, ac-
tive surface facility, low weight, external power conversion
efficiency and low-cost performance. The attention to organic
photovoltaic devices build upon polymers was also important-
ly increased by the reported improvements in their power
conversion efficiencies [17, 18].

Recently the AFM technique has been widely used for the
imaging of the polymer materials. This technique allows the
characterizations of surfaces at resolutions. Surface morphol-
ogy has a significant effect on optical properties such as trans-
mittance and the energy band gap [19].

In this context, we synthesized Schiff base monomer con-
taining naphthyl and its novel conjugated polymer was obtained
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via oxidative polycondensation reaction which have further ad-
vantageous such as low cost, easy preparation and being envi-
ronmentally friendly compared with other methods [20]. The
synthesized Schiff base monomer and poly(NIMP) were char-
acterized by spectroscopic analysis. The obtained poly(NIMP)
had high molecular weight and long conjugated structure due
to numerous repeating naphthyl groups. The film of the
poly(NIMP) was prepared to examine the optical properties
and surface morphology. The optical band gap of film was
determined via UV-vis spectroscopy. The surface morphol-
ogy of the poly(NIMP) film was analyzed by AFM.

Experiment
Materials and equipment

1-naphthylamine and salicylaldehyde were purchased as chem-
ical reactive from Sigma Aldrich. Dimethylformamide, hydro-
chloric acid (HCI), sodium hypochlorite (NaOCI 10%), ethanol,
potassium hydroxide (KOH) were also supplied as solvents
from Merck (Darmstadt, Germany). These materials were used
without purification. The infrared spectra were obtained by a
Perkin Elmer Precisely Spectrum one spectrometer using an
ATR head in the range of 4.000-600 cm™'. Molecular weight
and PDI of poly(NIMP) were determined by gel permeation
chromatography (GPC) using Agilent 1100 Series, equipped
with refractive index detector. UV-vis spectra were recorded
by Shimadzu model UV-1800 Spectrophotometer in the wave-
length between 1100 and 190 nm at room temperature. TGA
measurement was performed using Perkin Elmer Pyris 1 in the
range of 20-900 °C with heating rate of 10 °C min ' under N,
atmosphere. 'H (400 MHz) and 13C (100 MHz) NMR spectra
were recorded on a Bruker DRX-400 high performance digital
FT-NMR spectrometer. AFM was used to investigate the sur-
face properties of poly(NIMP) film as well as a measure of the
homogeneity with Ambios Q-Scope AFM device.

KOH, NaOCl,
—
90°C, 48 h.

Scheme 2 Synthesis of the poly(NIMP)

@ Springer

Synthesis and characterization of Schiff base
monomer

Schiff base monomer was synthesized by dean stark method
(Scheme 1). 1-naphthylamine was placed in 100 ml reaction
vessel with dean-stark apparatus and dissolved in 30 ml tolu-
ene. The temperature was raised to 110 °C and one drop of
glacial acetic acid was added in reaction tube. Then
salicylaldehyde (1.2 mmol) was added and the color suddenly
turned into orange. The solution was refluxed for 72 h.
Precipitated solid was observed as the reaction continued and
the occurred solid was filtrated. The solid was removed from
impurities by washing with hexane and the residue was allowed
at room temperature 1 day (Yield:41%, Color: light yellow). IR
(v, cm'): 3046 (aromatic C-H), 1616 (CH=N), 1589, 1569
(aromatic C=C), 1433 (-C=C-N), 1275 (C-0O), 772, 750 (naph-
thalene rings); "H NMR (400 MHz, DMSO-de) & (ppm): 13.48
(s, 1H, OH), 8.70 (s, 1H, -N=CH), 8.33-7.01 (m, 11H, Ar-C-
H); >C NMR (100 MHz, DMSO-de) 5(ppm): 163.49 (HC=N),
161.16 (C-OH), 146.22, 133.99, 133.47, 132.47, 127.97,
127.00, 126.75, 126.56, 126.00, 123.29, 119.54, 119.29,
117.35, 114.08 (C atoms on aromatic ring).

Synthesis and characterization of the poly(NIMP)

The poly(1-((naphthalen-1-ylimino) methyl) phenol)
(poly(NIMP)) was synthesized from Schiff base monomer in
the presence of NaOCl (10%) as the oxidative reagent at 90 °C
via oxidative polycondensation reaction (Scheme 2) [20].
Schiff base monomer was placed three-necked round bottom
flask fitted with funnel containing NaOCI solution (10%,
10 mmol). Schiff base monomer was dissolved in
dimethylformamide (4 mL) and KOH solution (5 mmol).
NaOCl was added dropwise to mixture during 10 min at
60 °C. Reaction was maintained at 90 °C for 48 h. It was
cooled at room temperature. The mixture was neutralized with
10 mmol HCI (37%) solution. It was washed with hot water

o 7(0



J Polym Res (2018) 25: 178

Page30of8 178

(3 x50 ml) for separating from salts. Then, poly(NIMP) was
washed with ethanol to remove from impurity. Poly(NIMP)
was dried in a vacuum oven at 80 °C for 24 h. (Yield: 49%.
Color: dark brown). IR (v, cm'): 3051 (aromatic C-H), 1609
(CH=N), 1592, 1570 (C=C aromatic), 1589, 1569 (aromatic
C=C), 1436 (-C=C-N), 1276 (C-O), 767, 754 (naphthalene
ring); "H NMR (400 MHz, DMSO-dy) & (ppm): 10.18 (br,
1H, OH) 9.20 (s, 1H, -N=CH), 8.16-7.31 (m, 11H, Ar-CH);
13C NMR (100 MHz, DMSO-ds) &(ppm): 160.18 (HC=N),
157.72 (C-OH), 143.54,133.99, 129.18, 128.35, 128.26,
127.21, 126.87, 126.25, 125.94, 125.72, 124.64, 124.07,
122.81, 122.46, 115.77, 115.88, 107.82 (C atoms on aromatic

ring).
Preparation of the poly(NIMP) film

The poly(NIMP) was added to 1 ml DMF until the solubilized.
The solution of poly(NIMP) was stirred at room temperature
for 1 h. The insoluble poly(NIMP) was removed with filter
paper. The glass surface was cleaned with a piranha solution
(sulfuric acid and hydrogen peroxide). Then, it was rinse
with water. Later, the solution of poly(NIMP) was added
dropwise to coat the film on the glass and it was left to dry
automatically. The film thickness was measured as 106 pm
with the micrometer (sensitivity is 0.001 mm) shown in the
Fig. 1.

Results and discussion
Synthesis and characterization

PSs have attracted attention due to their ability to form coor-
dination complexes and nonlinear optical semi-conductivity
and optical, electrochemical properties [21, 22]. Therefore,
initially Schiff base monomer was synthesized from reaction
salicylaldehyde and 1-naphthylamine using a 1:1 M ratio via
dean stark method as seen in Scheme 1. To obtain
poly(NIMP), oxidative polymerization reaction of Schiff base
monomer was performed using NaOCl as oxidant and air in

Fig. 1 Images of 106 um coated
poly(NIMP) film and micrometer
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Fig. 2 FT-IR spectra of Schiff base monomer and poly(NIMP)

KOH solution at 90 °C. Although, the poly(NIMP) was insol-
uble in apolar solvent such as hexane and heptane, it was
soluble in polar organic solvents such as dimethyl sulfox-
ide, tetrahydrofuran, toluene, N, N-dimethylformamide.
FT-IR spectra of Schiff base monomer and poly(NIMP)
were presented in Fig. 2. The imine stretching frequency
at 1616 cm ' supported the formation of the monomer.
When compared to FT-IR spectra of Schiff base monomer
and poly(NIMP), the bands of the poly(NIMP) are broader
than those of the Schiff base monomer due to the repeating
units and conjugated structures. The imine stretching of
poly(NIMP), unlike Schiff base monomers, shifted from
1616 to 1609 cm™'. These results were attributed to the
formation of the poly(NIMP) [23].

"H NMR and "*C NMR spectra of Schiff base monomer
and poly(NIMP) were also recorded in deuterated DMSO.
When '"H NMR spectra were examined, the hydroxyl and
imine protons of the Schiff base monomer were seen at
13.48 and 8.70 ppm, respectively. The hydroxyl and imine
protons of poly(NIMP) were observed at 10.18 and
9.20 ppm, respectively. Furthermore, aromatic protons were
observed in the range 8.16—7.31 ppm for poly(NIMP) and
8.33-7.01 ppm for Shiff base monomer. The broad and

0-25mm_0.001mm
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Fig. 3 TGA curve of the poly(NIMP)

shifted peaks also proved the formation of poly(NIMP)
[23]. When '*C NMR spectra were examined the hydroxyl
and imine carbon peaks of Schiff base monomer and
poly(NIMP) were observed at 161.16, 157.72 and
163.49, 160.18 ppm, respectively. The hydroxyl and the
imine carbon peaks of poly(NIMP) shifted approximately
4 ppm to lower frequency. Moreover, aromatic carbon
peaks were observed in the range 115.69 to 155.81 ppm
and coupling carbon (-C-C) peaks were observed in the
synthesized poly(NIMP) structure at 129.18 and
107.82 ppm.

The number molecular weight and PDI of the poly(NIMP)
were determined by GPC. Mn and Mw values were calculated
as 3.52 x 10° and 3.65 x 10°, respectively. PDI value was de-
termined as 1.04, too. A novel polymer with high molecular
weight was obtained. Thermal degradation behavior of the
poly(NIMP) was investigated by thermogravimetric analysis
(TGA). This process was carried out in the temperature range
25-1000 °C with a heating rate of 10 °C / min under nitrogen
atmosphere. TGA thermogram was presented in Fig. 3. The
results were also summarized in Table 1. The weight losses %
at 400, 600, 800 and 1000 °C of poly(NIMP) were found as
35, 62, 72 and 78, respectively. The results showed that the
poly(NIMP) had high residue due to the long-conjugated band
systems [23]. The poly(NIMP) exhibited a linear decline up to
500 °C, after which the rate of weight loss significantly
reduced.
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Fig. 4 The graph of transmittance versus wavelength for the
poly(NIMP) film

Optical properties

UV-Vis spectroscopy measurements are commonly used for
investigating optical properties [24]. PSs having aromatic
structures such as naphthyl group have drawn attention due
to their unique optical properties. In addition, aromatic 7t-
conjugated naphthyl structures are important materials due
to m—7 intermolecular interactions for optical and
electronical applications [25, 26]. Hence, optical properties
of the prepared film containing imine and naphthyl groups
were investigated in the present work. Transmittance (T)
and absorbance (A) values of the poly(NIMP) film were
recorded to investigate optical properties as a function of
the wavelength.

The transmittance graph for the poly(NIMP) film was
shown in Fig. 4. The transmittance value of the poly(NIMP)
film increased almost constantly with very small increments in
the range 300-675 nm. After 675 nm, the transmittance value
was clearly increased and reached maximum at 1100 nm. It
was maximum at 55%. While the average transmittance value
of'the poly(NIMP) film was determined to be 31.74% between
190 and 1100 nm, it was calculated as 1.24% in the visible
region. The transparency feature of the poly(NIMP) film was
almost nonexistent.

A graph of absorbance versus wavelength was plotted for
the poly(NIMP) film in Fig. 5. It was observed that the
poly(NIMP) film started absorbing at 1100 nm due to

Table 1 Thermogravimetric

analysis data of the poly(NIMP) *Ty(°C)  Weight Weight Weight Weight Weight Weight loss
loss % at loss % at loss % at loss % at loss % at % at
400 °C 500 °C 600 °C 700 °C 800 °C 1000 °C
Poly(NIMP) 150 35 53 62 67 72 78

# Initial decomposition temperature

@ Springer
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Fig. 5 The graph of absorbance versus wavelength for the
poly(NIMP) film

conjugation contribution of the numerous repeating naphthyl
units. It is well known that the extension of conjugation degree
leads to red-shift in the absorption spectra [27]. The
poly(NIMP) film showed a sharp increase in the absorption
graph between 600 and 800 nm. Then there was a slight de-
crease and a steep increase. Ultimately, the absorption
remained constant in the range of 285-580 nm. While the
absorption bands at shorter wavelengths (285-600 nm) were
related to n-7t* and 7t-7t* electronic transitions of the imine,
phenolic OH and naphthyl groups in poly(NIMP) film struc-
ture, the absorption bands at longer wavelengths (600—
800 nm) were related to charge transfer of conjugated units
[28-30]. Various strategies have been used in designing new
photovoltaic polymers such as broadening the absorption
band [31, 32], enhancing the charge carrier mobility with con-
jugated bridges [33] and producing lower bandgap polymers
as a result of which the absorption of the conjugated polymers
is red-shifted [34, 35].
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(ahv)’(cm'eV)?

1,698 eV

Fig. 6 The graph of («hv)? versus photon energy for the
poly(NIMP) film

Table 2 E, values of the poly(NIMP) film

Thickness Egq Egia Egp

106 (1tm) 1.698 (eV) 1.223 (V) 1.461 (eV)

To find Eg,; of the poly(NIMP) film, the photon energy
versus (achv)® was plotted by using Tauc equation (Fig. 6)
[36].

As shown in Fig. 6, the E,, value of the poly(NIMP)
film was found to be 1.698 eV. To find the value of the
Eqiq the photon energy versus («hv)'? was plotted
(Fig. 7). Egq value of the poly(NIMP) film was found
to be 1.223 eV. The Eg;,; value was lower than the £z,
value (see Table 2). It was also seen that the direct
transition was sharper than the indirect one (Fig. 6
and Fig. 7). In this case, it can be said that direct
transition is more appropriate than the indirect ones.
Direct band gap refers to the case that the highest va-
lence band and the lowest conduction band has the
same moment; hence electrons can direct jump from
valence to conduction. Then for indirect, there is a mo-
mentum difference and some other factors must come in
to balance the difference (phonons perhaps). Direct band
gap transition will cause solar energy to be absorbed
more efficiently and hence better photovoltaic devices.

A graph of E (eV) vs (xhv)'? was plotted for the
poly(NIMP) film in Fig. 8. The Eg, for the poly(NIMP) film
was found as 1.461 eV.

The poly(NIMP) had low E, values. The low-band
gap polymers which have a band gap smaller than
1.6 eV are particularly attractive in organic photovol-
taics (OPV), photodetectors (PDs), and ambipolar field-
effect transistors (FETs) [14, 27, 37]. In many

40
36.] [=——106 um coated poly(NIMP) film|

32
28
24

20

(ahv)1/2(cm“1eV)"2

1.223 eV

o —
1,0 1,2 14 16 18 20 22

E (eV)

Fig. 7 The graph of (ahv)'/? versus photon energy for the
poly(NIMP) film
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Fig. 8 The graph of (athv)'’® versus photon energy for the
poly(NIMP) film

researches, the E, values of the conjugated polymers in
photovoltaic applications were found between 1.6 and
2.5 eV [38-41]. Furthermore, Niu et al. synthesized
two novel functional conjugated polySchiff bases with
triphenylamine unit having conjugation throughout the
molecule chain by condensation polymerization of 4,4'-
biamine triphenylamine and dialdehydes in solution.
They calculated approximately the optical band gaps
values as 2.33 and 2.19 eV for the obtained polymers.
One of the polymers was used as the polymer electro-
luminescence (EL) device [42]. Kaya et al. synthesized
the poly(phenoxy-imine) anchored with the carboxyl
group exhibiting photovoltaic cell property [43].
Recently, a conjugated polySchiff base having low band
gap with thieno[3,2-b] thiophene and 1,2,4-triazole
groups was reported by our group [44]. The
poly(NIMP) with low band gap obtained without doping
and complex formation makes this work valuable for
many industrial applications.

0 2 4pm 6 8
Fig. 9 2D and 3D AFM images of produced poly(NIMP) film

@ Springer

Surface morphology

AFM was used to examine the morphology and surface
texture of the poly(NIMP) film. The two (2D)- and
three-dimensional (3D) images of the film were pre-
sented in Fig. 9. In the AFM images, black areas ap-
peared in a few places, but yellow areas appeared in
more places. While the black regions represented the
valley in the surface, the white regions represented the
peaks. As shown in Fig. 9, the distance between the
lowest and highest point in the scanned area was
30 nm.

In the AFM surface analysis, the average surface
roughness giving the height deviation was found to be
2.46 nm. The average square root roughness which rep-
resented the standard deviation of the surface heights
was found to be 3.79 nm. The total roughness which
was the sum of the maximum height and depth for the
entire measurement length was 42.57 nm on the 2D-
AFM graph in Fig. 9. The skewness value that was a
measure of asymmetry of surface deviations was —1.66.
Obtaining as a negative skewness value means that the
valleys on the film surface were more dominant than
the peaks. The kurtosis value; the measure of the sharp-
ness of the height distributions, was 12.36. A kurtosis
value larger than 3 indicates high peaks and low valleys
with a spiky surface. Excessive positive kurtosis is
called leptokurtic distribution meaning high peak [45].

The histogram analysis and line profile for vertical cross-
section of the film in 9 um X 9 um scan area were shown in
Fig. 10 (a) and (b). The histogram was a plot of adjacent
peaks. Each peak symbolized a height sequence. The cross-
section plot of the film had many thorny faces for red line
region. The height of the largest peak of the film was about
7.7 nm [46].
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Fig. 10 a The histogram analysis Histogram
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As seen in Fig. 11, the height distribution graph was
attained using the AFM tool. It was associated with the sym-
metric distribution on the surfaces. Compared to the normal, it
has a stronger peak, more rapid decay, and heavier tails due to
the high value of kurtosis. Furthermore, Gauss curve of the
height distribution graph of poly(NIMP) film shows homoge-
neous grain distribution.

Conclusions

A novel conjugated polySchiff base was synthesized and char-
acterized. The optical properties of prepared polySchiff base
film were examined. Direct, indirect and forbidden indirect
band gap values of the poly(NIMP) film were found as
1.698, 1.223 and 1.461 eV, respectively. The low E, values
for poly(NIMP) film were obtained due to high polymer de-
gree and conjugation. In the result of AFM, the surface of film
had low roughness values. The skewness value of the
poly(NIMP) film was obtained as negative which peaks to a
predominance of valleys. The kurtosis value was greater than
3 for the poly(NIMP) film. The novel polySchiff base film
having low optical band gap and good surface morphology
might be a good candidate for optoelectronic and photovoltaic
devices.

|

-10 0 10 20 30

Fig. 11 Gauss curve of the height distribution graph of poly(NIMP) film
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