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Abstract The optical properties of the solutions of the MDMO-PPV light-emitting

polymer were investigated. The maximum mass extinction coefficient values of the

solutions of the MDMO-PPV for 6.640 and 3.014 µM were found to be 20.874 and

42.009 L g−1 cm−1, respectively. The absorption band edge values of the solutions of the

MDMO-PPV shifted from 2.149 to 1.987 eV with increasing molarity. To obtain lower

Eg values (2.020, 2.057, 2.083, 2.088 and 2.103 eV, respectively) of the MDMO-PPV

can be preferred xylene, toluene, chlorobenzene, chloroform and tetrahydrofuran sol-

vents, respectively. The Eg of the solution of the MDMO-PPV was decreased with

molarities and solvents. The refractive index values of the MDMO-PPV were controlled

with various solvents. The optical parameters such as single oscillator energy, dispersion

energy, M−1, M−3 moments, optical oscillator strengths, linear static refractive index,

optical linear susceptibility, third-order nonlinear susceptibility and nonlinear refractive

index were calculated using Wemple–DiDomenico equation. The highest contrast was

obtained with xylene, while the lowest contrast was obtained with chlorobenzene. The

MDMO-PPV can be used in the fabrication of the metal–semiconductor contacts due to

low optical band gap and suitable optical parameters. Also, the surface morphology

properties of the MDMO-PPV polymer film were investigated.
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Introduction

Conjugated polymers (CPs) are known as organic semiconductors with electronic

properties and they have a wide application in electronic technology [1–6]. The

polymers and especially CPs have been extensively used in electronic and

optoelectronic device applications [7] such as organic field-effect transistors

(OFETs), phototransistors, organic solar cells (OSCs), organic light-emitting diodes

(OLEDs), sensors, lasers and electronic circuits due to simplified fabrication process

of devices and their easy processing, unique processability from solution [8]. The

CPs represent a novel class of semiconductors, which combine the optical and

electronic properties of semiconductors with the processing advantages and

mechanical properties of polymers [9]. These materials have shown potential for

photovoltaic and photodetector applications due to their advantages of high

absorption coefficient [4], flexibility, low cost, their high photoluminescence

efficiency and low charged impurity.

Poly(p-phenylenevinylene) (PPV) and its derivatives are attractive class of

materials for use in polymer light-emitting diode (PLED) application due to good

device performance and their efficient electroluminescence (EL) [9]. Soluble PPV

derivates have high fluorescence and excellent solubility in common organic

solvents [9]. Poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene]

(MDMO-PPV) light-emitting polymer (LEP) is completely soluble in common

organic solvents such as dichloromethane (DCM), tetrahydrofuran (THF), toluene

and chloroform and it is fluoresce bright orange color under UV light [9]. MDMO-

PPV is a soluble conjugated polymer and it is the important donor-type polymer

[10] in the fabrication of bulk-heterojunction photovoltaic cells and MDMO-PPV

commonly used in the fabrication of the PLEDs.
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The nonlinear optical properties such as optical absorption [12–14] have shown

high potential [15] for device applications in far-infrared laser amplifiers [16],

photo-detectors [17], and high-speed electro-optical modulators [18]. The extinction

coefficients, including mass extinction coefficient (α) and molar extinction

coefficient (ε), are parameters to define the absorbance intensity at a given

wavelength per mass density (g) or molar concentration (mol), respectively [19]. It

can be determined by using the Beer–Lambert law, Abs = εcl, where Abs is the

absorbance which can be obtained using a UV–Vis absorbance spectrometer, and l

is the optical path length [20].

Solvent affects on organic reactivity and absorption spectra have been studied for

more than a century [21]. It is well known that the photo-physical behavior of a

dissolved dye depends on the nature of its environment [21], that is, the shape,

intensity, and maximum absorption wavelength of the absorption band of dye in

solution depend strongly on the solvent–solute interactions and solvent nature [22].

This effect is closely related to the nature and degree of dye–solvent interactions

[23]. Solvents influence on the optical and electrical properties of the materials.

Furthermore, some scientists made several researches on some optical properties

of the MDMO-PPV film. Quist et al. [24] reported a MDMO-PPV with an

absorption coefficient (α) value of 1.3 9 107 m−1 at λ = 500 nm. Omer [25]

reported thin films of a conjugated polymer MDMO-PPV prepared from chloro-

form, 1,2 dichlorobenzene and toluene solutions by spin-coating technique on

quartz substrates. He [25] reported MDMO-PPV thin films spin-coated from

chloroform, 1,2 dichlorobenzene and toluene solvents with an absorption maximum

peak (λmax) values of 491, 502 and 501 nm, and an optical band gap values of 2.15,

2.10 and 2.12 eV, respectively. Veenstra et al. [26] reported a MDMO-PPV with a

long wavelength absorption maxima value of 518 nm in the spectra. Hoppe and

Sariciftci [8] reported most conjugated polymers with the optical band gap values of

around 2 eV. They [8] reported a MDMO-PPV thin film with a maximum

absorbtion coefficient value of about 2.0 9 105 cm−1. Kim and Ryu [27] reported a

MDMO-PPV with the highest occupied molecular orbital (HOMO) value of 5.33 eV

and the lowest unoccupied molecular orbital (LUMO) value of 2.97 eV. Saxena

et al. [28] reported the solution of MDMO-PPV polymer in chloroform with a peak

value of emission spectra of 592 nm. It was not found any report in the literature

about the optical properties of the solutions of the liquid-crystalline polymer

MDMO-PPV for different molarities and solvents. This solution technique for

investigation of the optical properties of the soluble materials has some advantages

such as low cost and high accurate results.

Omer [25] also reported a thin film of a conjugated polymer MDMO-PPV

fabricated from 1,2 dichlorobenzene and toluene with the area roughness values of

6.99 and 22.66 nm and the average height values of 28.51 and 68.85 nm,

respectively. No report was found in the literature about the surface roughness

parameters of the only MDMO-PPV polymer film such as roughness average (Sa),

root mean square roughness (Sq), surface skewness (Ssk) and surface kurtosis (Sku).

Similarly, it was not found any report about the morphology of the cross section and

height histograms of the MDMO-PPV polymer film.
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In this study, the optical properties of the solutions of the MDMO-PPV polymer

were investigated in detail. The optical measurements were conducted on a

Shimadzu model UV-1800 Spectrophotometer. The aim of this study is to

investigate the effects of the molarities on the optical parameters such as molar

extinction coefficient, mass extinction coefficient, average transmittance, absorb

wavelength, absorption band edge, optical band gap, real and imaginary parts of the

dielectric constant, real and imaginary parts of conductivity. The optical band gap of

the solution of the MDMO-PPV polymer was decreased with molarities and

solvents. The optical parameters based on refractive index were calculated using

Wemple–DiDomenico equation. Another aim of the study is to investigate the

surface morphology properties of the MDMO-PPV light-emitting polymer film by

high-performance atomic force microscopy (AFM). The surface roughness param-

eters of the MDMO-PPV film such as roughness average (Sa), root mean square

roughness (Sq), surface skewness (Ssk) and surface kurtosis (Sku) were obtained.

Also, I reported the morphology of the cross section (wall) and height histograms of

the MDMO-PPV film by AFM.

Experimental

Poly[2-methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV)

light-emitting polymer (LEP) and solvents, which are xylene, toluene, chlorobenzene,

chloroform and tetrahydrofuran (THF) used in this study were purchased from Sigma-

Aldrich Co. The chemical structure of the light-emitting polymer MDMO-PPV is

shown in Fig. 1. This section has been occurred in three stages. In the first stage, the

solutions of the MDMO-PPV polymer for different molarities and solvents were

prepared. In the second stage, optical measurements of the solutions of the MDMO-

PPV polymer for different molarities and solvents were recorded and in the last stage,

the MDMO-PPV film for surface morphology properties was prepared.

Preparation of the MDMO-PPV polymer solutions

To investigate the effects on the optical properties of the molarity and solvents, the

MDMO-PPV polymer was weighed with a AND-GR-200 Series Analytical Balance

Fig. 1 The chemical structure
of the light-emitting polymer
MDMO-PPV
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for 0.261 mM, 6.640 and 3.014 μMmolarities in chloroform solvent and for xylene,

toluene, chlorobenzene, chloroform and tetrahydrofuran solvents at 0.217 mM

molarity. Then, these weighed MDMO-PPV polymers for different molarities and

solvents were homogeneously dissolved in 8 mL volume of chloroform solvent and

in 8 mL volume of xylene, toluene, chlorobenzene, chloroform and tetrahydrofuran

solvents, respectively. Finally, the solutions of the MDMO-PPV polymer were

filtered through PTFE membrane filter to obtain the best results of the optical

measurements.

The optical measurements of the solutions of the MDMO-PPV polymer
for different molarities and solvents

The cylindrical cuvettes (Hellma QS-100) of 3.5 mL volume and 10 mm optical

path length for all the solutions of the MDMO-PPV polymer were used. The optical

measurements of the solutions of the MDMO-PPV polymer for different molarities

and solvents were recorded by a Shimadzu model UV-1800 Spectrophotometer in

the wavelength 1100–190 nm at room temperature.

Preparation of the MDMO-PPV film for surface morphology

To prepare the MDMO-PPV film, the MDMO-PPV polymer was weighed with a

AND-GR-200 Series Analytical Balance to prepare the solutions at 0.217 mM for

surface morphology studies, then it was dissolved homogeneously in 5 mL volume

of chloroform and was filtered through PTFE membrane filter to obtain the best

film. Ultimately, the solution of the filtered MDMO-PPV polymer was coated on

cleaned microscopy glass. After the coating, the film was dried at 70 °C for 15 min

to evaporate the solvent and remove organic residuals. Surface morphology of the

MDMO-PPV polymer film was investigated by high-performance atomic force

microscopy (hpAFM, NanoMagnetics Instruments Co.) with PPP-XYNCHR type

Cantilever at dynamic mode.

Results and discussion

The optical properties of the solutions of the MDMO-PPV polymer
for different molarities

The absorbance (Abs) spectra of the solutions of the MDMO-PPV polymer were

taken to investigate their optical properties for 0.261 mM, 6.640 and 3.014 µM in

chloroform solvent and the plot of the Abs vs. wavelength is shown in Fig. 2. As

seen in Fig. 2, the absorbance values of the solutions of the MDMO-PPV polymer

exist in the near ultraviolet (200–380 nm) and visible region (380–780 nm). This

shows that the near ultraviolet and visible regions are very important regions for the

light-emitting polymer MDMO-PPV. As seen in Fig. 2, the uncertainty, which

results from high molarity in the absorbance values of the solution of the MDMO-

PPV for 0.261 mM in the range of about 250 and 560 nm has disappeared with
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decreasing molarity. As seen in Fig. 2, the absorbance values of the MDMO-PPV

polymer decrease with decreasing molarity and there is a peak both in the near

ultraviolet and the visible region. The maximum absorption wavelength (λmax) of

the solutions of the MDMO-PPV polymer for 6.640 µM and 3.014 µM was found to

be 489 nm. The λmax value (489 nm) of the solutions of the MDMO-PPV polymer

in chloroform is smaller than the value (491 nm) of the MDMO-PPV thin films spin-

coated from chloroform in the literature [25]. The Absmax value of the solution of

the MDMO-PPV polymer was obtained in the visible region and the Absmax values

at λmax of the solutions of the MDMO-PPV polymer for 6.640 µM and 3.014 µM
were found to be 3.188 and 2.912, respectively. The Absmax values at λmax (331 nm)

value of the peak in the near ultraviolet region for 6.640 µM and 3.014 µM were

found to be 1.006 and 0.733, respectively. It is observed that the Absmax value of the

solution of the MDMO-PPV polymer can be decreased with decreasing molarity.

Finally, as seen in Fig. 2, the absorbance values of the solutions of the MDMO-PPV

polymer sharply decrease after λmax value (at 489 nm). In this study, the orange

color of the MDMO-PPV polymer is emitted at about 598 nm (see Fig. 3) for

0.261 mM, while the yellow color of the MDMO-PPV polymer is emitted at about

580 nm (see Fig. 3) for 3.014 µM. This attributes to color of the high and low

molarities of the solutions of the MDMO-PPV polymer. The value (592 nm) [28] of

emission spectra of polymer (MDMO-PPV) solution in chloroform in the literature

is lower and higher than the values (598 and 580 nm, respectively) of emission

spectra of the orange and yellow color of the MDMO-PPV polymer, respectively.

These results attribute to difference of molarities of the solutions of the MDMO-

PPV polymer. This situation probably is originated from high molarity of the

solutions of the MDMO-PPV polymer in this study.

The molar extinction coefficient (ε) being an significant intrinsic parameter and

reliable values of the ε parameter for solutions are required in many engineering,

Fig. 2 The plot of the absorbance vs. wavelength of the solutions of the MDMO-PPV polymer for
0.261 mM, 6.640 and 3.014 µM in chloroform solvent
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scientific and chemical disciplines involving photo interactions [29]. The ε values of
the solutions of the MDMO-PPV polymer can be determined with an equation

known as the Beer–Lambert law [20],

e ¼ Abs

cl
ð1Þ

where Abs is the actual absorption, Ɩ is the optical path length, and c is the molar

concentration of the used cuvettes. The ε values of the solutions of the MDMO-PPV

polymer were calculated from Eq. (1). The ε plot vs. λ of the solutions of the

MDMO-PPV polymer for 0.261 mM, 6.640 and 3.014 µM is shown in Fig. 3. As

seen in Fig. 3, the molar extinction coefficient of the MDMO-PPV polymer

increases with decreasing molarity. The high ε value is very important to increase

the device photocurrent density and conversion efficiency [30] and to have good

light-harvesting ability and a higher short-circuit current density [31]. The maxi-

mum molar extinction coefficient (εmax) values at λmax value (489 nm) of the

solutions of the MDMO-PPV polymer for 6.640 and 3.014 µM were found to be

4.801 9 105 and 9.662 9 105 L mol −1 cm−1, respectively.

The mass extinction coefficients (αmass) can be calculated by [19],

amass ¼ e
MA

ð2Þ

where MA is the molecular mass of the material, which is the average 23,000 g/mol

[32] of the light-emitting polymer MDMO-PPV. The maximum mass extinction

coefficient (αmass−max) values at εmax values (4.801 9 105 and 9.662 9 105

L mol−1 cm−1, respectively) of the solutions of the MDMO-PPV polymer for 6.640

and 3.014 µM were found to be 20.874 and 42.009 L g−1 cm−1, respectively. It is

observed that the αmass−max value of the solution of the MDMO-PPV polymer can be

increased with decreasing molarity.

Fig. 3 The molar extinction coefficient (ε) plot vs. λ of the solutions of the MDMO-PPV polymer for
0.261 mM, 6.640 and 3.014 µM in chloroform solvent
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The transmittance spectra of the solutions of the MDMO-PPV polymer were

taken to investigate their optical properties for 0.261 mM, 6.640 and 3.014 µM, and

the plot of the transmittance vs. wavelength is shown in Fig. 4a. As seen in Fig. 4a,

the transmittance of the MDMO-PPV polymer increases with decreasing molarity.

As seen in Fig. 4a, the transmittance for 0.261 mM sharply increases in the range of

about 565 and 615 nm, while the transmittance of the solutions of the MDMO-PPV

polymer for 6.640 and 3.014 µM sharply increases in the range of about 520 and

580 nm. In the near ultraviolet and visible region, the average transmittance (Tavg)
values of the solutions of the MDMO-PPV polymer for 0.261 mM, 6.640 and

3.014 µM were calculated and given in Table 1. As seen in Table 1, the Tavg values
of the MDMO-PPV polymer in the visible region are higher than the values in the

near ultraviolet region. As seen in Table 1, the Tavg values (3.793 and 43.736 %,

respectively) of the MDMO-PPV polymer for 0.261 mM in the near ultraviolet and

Fig. 4 a The plot of the transmittance vs. λ and b the curves of dT/dλ vs. λ of the solutions of the
MDMO-PPV polymer for 0.261 mM, 6.640 and 3.014 µM in chloroform solvent
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visible region are the lowest values, while the Tavg values (19.969 and 58.9372 %,

respectively) for 3.014 µM are the highest values. It is observed that the average

transmittance values of the solutions of the MDMO-PPV polymer in the near

ultraviolet and visible region increase with decreasing molarity. To estimate the

absorption band edge of the solutions of the MDMO-PPV polymer, the first

derivative of the optical transmittance can be computed. For this purpose, the curves

of dT/dλ vs. λ of the solutions of the MDMO-PPV polymer for 0.261 mM, 6.640

and 3.014 µM are plotted as shown in Fig. 4b. As seen in Fig. 4b, the maximum

peak (λmax) position corresponds to the absorption band edge (Eb−e = 1240/λmax)

and there is a shift in the direction of the higher wavelengths with increasing

molarity and the absorption edge of the MDMO-PPV is shifted to higher

wavelengths, which is due to the change in the band gap with molarity. In other

words, the shifting towards higher wavelengths of the absorption edge is due to

decreasing of optical band gap with increasing molarity. The absorption band edge

values of the solutions of the MDMO-PPV for 0.261 mM, 6.640 and 3.014 µM were

calculated from the maximum peak position and given in Table 1. As seen in

Table 1, the maximum peak values of the solutions of the MDMO-PPV polymer

vary from 577 to 624 nm. This result suggests that the absorption band edge values

of the solutions of the MDMO-PPV polymer shift from 2.149 to 1.987 eV with

increasing molarity, that is, the absorption band edge of the solutions of the

MDMO-PPV polymer decreases with increasing molarity. The maximum peak

values of the MDMO-PPV polymer are higher than the maximum peak value

(237 nm) of the parent salicylic acid [33] in the literature, while the absorption band

edge values of the MDMO-PPV polymer are lower than the absorption band edge

value (5.2 eV) of the parent salicylic acid [33] in the literature.

Optical band gap is a fundamental parameter for electronic, photonic and

optoelectronic devices. The optical band gap (Eg) of optical transitions can be

evaluated from the absorption spectrum and difference between the edges of the

valence band and conduction band using the Tauc relation [34, 35]:

ðahtÞn ¼ Cðhm� EgÞ ð3Þ
where C is a constant, hν is the photon energy (E), Eg is the optical band gap of the

material and n is the parameter measuring type of band gaps. For n = 1/2, Eg in

Eq. (3) is direct allowed band gap. To determine the optical band gap of the

Table 1 The Tavg-NU (in the near ultraviolet region), Tavg-V (in the visible region), λmax. peak, absorption

band edge, Eg, λTfd (wavelengths at first decrease of transmittance) and ETfd values of the solutions of the

MDMO-PPV for 0.261 mM, 6.640 and 3.014 µM

Molarity

(µM)

Tavg-NU
(%)

Tavg-V
(%)

λmax. peak

(nm)

Absorption band

edge (eV)

Eg

(eV)

λTfd

(nm)

ETfd

(eV)

261 3.793 43.736 624 1.987 2.024 625 1.984

6.640 12.558 57.379 578 2.145 2.188 580 2.138

3.014 19.969 58.937 577 2.149 2.194 578 2.145
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solutions of the MDMO-PPV polymer for 0.261 mM, 6.640 and 3.014 µM, the

(αhν)2 plot vs. E of the MDMO-PPV polymer is shown in Fig. 5. As seen in Fig. 5,

there is a linear region for the optical band gap of the MDMO-PPV polymer. By

extrapolating the linear plot to (αhν)2 = 0 at the linear region, the optical band gap

values of the MDMO-PPV polymer were obtained and given in Table 1. As seen in

the Table 1, the Eg value (2.194 eV) of the MDMO-PPV polymer for 3.014 µM is

the highest value of all the molarities, while the Eg value (2.024 eV) of the MDMO-

PPV for 0.261 mM is the lowest value. The Eg values of the MDMO-PPV polymer

are in agreement with the value (2.15 eV) for chloroform [25] and are lower than the

Eg value (2.30 eV) of the PEDOT-NB [36] in the literature. This small discrepancy

in the band gap of the MDMO-PPV polymer originates from difference of the

molarity, process of the coating of the film, form of the material (solution or film)

and calculating method of the optical band gap. These results suggest that the

optical band gap of the MDMO-PPV polymer can be more decreased with

increasing molarity. As seen in Table 1, the obtained Eg values from the plots of the

(αhν)2 vs. E of the MDMO-PPV polymer are close to values of the first decrease of

transmittance of the MDMO-PPV polymer and are close to values of the absorption

band edge of the MDMO-PPV polymer. It is observed that the optical band gap of

the MDMO-PPV polymer can be found from the plots of (αhν)2 vs. E, the

absorption band edge and the first decrease of transmittance spectra of the MDMO-

PPV polymer.

Fig. 5 The (αhν)2 plot vs. the
photon energy (E) of the
MDMO-PPV polymer for
0.261 mM, 6.640 and 3.014 µM
in chloroform solvent
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Incidence angle Φ1 is a significant parameter, because voids play important role

on electrical, photo-electrical, photovoltaic, photonic, optical, sensing and surface

morphology properties of the thin films [37]. The actual solar cell (SC) efficiency

should be obtained by accumulating the efficiency over the whole Φ1 angle, so the

absorption efficiency of the solar cells (SCs) greatly depends on the Φ1 angle [37].

Incidence angle Φ1 is given as [38–40],

U1 ¼ tan�1 n2

n1

� �
ð4Þ

where n1 is the refractive index of the medium, n2 is the refractive index of the

solutions of the material. The angle Φ1 values of incidence of the solutions of the

MDMO-PPV polymer for 0.261 mM, 6.640 and 3.014 µM were calculated from

Eq. (4). The Φ1 plot vs. E of the solutions of the MDMO-PPV polymer is shown

Fig. 6. As seen in Fig. 6, the angle Φ1 values of incidence of the MDMO-PPV

polymer increase with increasing photon energy until about 2.38 eV, then they

change very little with increasing photon energy and decrease with decreasing

molarity. The Φ1 values of the MDMO-PPV polymer are close to incidence values

of some materials in the literature [41–44]. Similarly, the angle of refraction is

calculated from well-known Snell’s law [45]:

U2 ¼ sin�1 n1

n2
sinU1

� �
ð5Þ

The angle Φ2 values of refraction of the solutions of the MDMO-PPV polymer

for 0.261 mM, 6.640 and 3.014 µM were calculated from Eq. (5) and the Φ2 plot vs.

E of the MDMO-PPV polymer is shown Fig. 6. As seen in Fig. 6, the angle Φ2

values of refraction of the MDMO-PPV decrease sharply with increasing photon

Fig. 6 The angle (Φ1) plot of incidence and angle (Φ2) plot of refraction vs. E of the solutions of the
MDMO-PPV polymer for 0.261 mM, 6.640 and 3.014 µM in chloroform solvent
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energy until about 2.38 eV, then they change very little with increasing photon

energy and increase with decreasing molarity. Similarly, the Φ2 values of the

MDMO-PPV are close to the Φ2 values of some materials in the literature [41, 42,

44]. Also, the angle Φ1 values of incidence of the solutions of the MDMO-PPV

polymer are higher than the angle Φ2 values of refraction. This situation is due to the

fact that the refractive index (n2) of the solutions of the MDMO-PPV is higher than

the refractive index (n1) of the medium.

The sensitivity of a material is related to a normalized refractive index that is

called contrast. The contrast (αc) values of the MDMO-PPV polymer can be

calculated by [46];

ac ¼ 1� n1

n2

� �2

ð6Þ

As seen in Fig. 7, the contrasts of the MDMO-PPV polymer for various solvents

increase with increasing photon energy and the values of the contrast are higher than

0.60. As seen in Fig. 7, at 1.417 and 2.016 eV, the contrast values (0.745 and 0.950,

respectively) for xylene are the highest, while the contrast values (0.609 and 0.790,

respectively) for chlorobenzene are the lowest. This result shows that the highest

contrast can be obtained with xylene solvent, while the lowest contrast can be

obtained with chlorobenzene solvent.

The complex dielectric constant is a very significant parameter to calculate many

optical parameters and it is described as [39, 40],

e
_ ¼ e1 þ ie2 ¼ n

_2 ¼ ðn� ikÞ2 ¼ ðn2 � k2Þ þ i2nk ð7Þ
where ε1 is the real part, ε2 is the imaginary part of the dielectric constant and

k = αλ/4π. The ε1 and ε2 parameters characterize the loss factor. The ε1 determines

Fig. 7 The plot of the contrast (αc) vs. E of the MDMO-PPV polymer for xylene, toluene, chlorobenzene,
chloroform and tetrahydrofuran solvents at 0.217 mM
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the measure by which it will slow down the speed of light in the material and the ε2
displays the dielectric energy absorbed from an electric field due to dipole motion

[47]. Figure 8a, b shows the real and imaginary parts of dielectric constant

dependence on photon energy of the MDMO-PPV polymer for 0.261 mM, 6.640

and 3.014 µM, respectively. As seen in Fig. 8a, the real part of dielectric constant of

the MDMO-PPV polymer is composed of normal and anomalous (or abnormal)

dispersion regions. The ε1 values of the MDMO-PPV polymer increase with

increasing photon energy in normal dispersion region, while the ε1 values of the

MDMO-PPV polymer decrease with increasing photon energy in anomalous (or

abnormal) dispersion region. The abnormal (anomalous) behaviors of the MDMO-

PPV polymer are due to the resonance effect between the electron polarization and

the incident electromagnetic radiation [48], which leads to the coupling of electrons

Fig. 8 The a real (ε1) and b imaginary (ε2) parts of dielectric constant dependence on photon energy of
the MDMO-PPV polymer for 0.261 mM, 6.640 and 3.014 µM in chloroform solvent
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in solutions of the MDMO-PPV polymer to the oscillating electric field. The ε1
values of the MDMO-PPV polymer are higher than the ε1 values of the Se75S25−xCdx
alloys [49] in the literature. As seen in Fig. 8b, the imaginary part of dielectric

constant of the MDMO-PPV polymer decreases with decreasing molarity. The ε2
values of the MDMO-PPV polymer are lower than the ε2 values of the Se75S25−xCdx
alloys [49] in the literature. As seen in Fig. 8a, b, the real part of dielectric constant

of the MDMO-PPV polymer is higher than the imaginary part of dielectric constant

of the MDMO-PPV polymer.

The optical conductivity (σ) is one of the most useful tools to investigate the

basic properties of materials [50] and it is believed to be a powerful probe in

determining electronic characteristics of a variety of materials [51]. The optical

properties of the solution of the MDMO-PPV polymer can be analyzed by a

complex optical conductivity [39, 40],

rðxÞ ¼ r1ðxÞ þ ir2ðxÞ ð8Þ
where ω = 2πf is the angular frequency and σ1 is the real part of conductivity and is

given as,

r1 ¼ xe2e0 ð9Þ

and σ2 is the imaginary part of conductivity and is given as,

r2 ¼ xe1e0 ð10Þ
where ε0 is the permittivity of free space. The real part and imaginary parts of the

optical conductivity dependence on frequency of the MDMO-PPV polymer for

0.261 mM, 6.640 and 3.014 µM are shown in Fig. 9a, b, respectively. As seen in

Fig. 9a, the real part (σ1) of the optical conductivity of the MDMO-PPV polymer

changes with increasing frequency and decreases with decreasing molarity. As seen

in Fig. 9a, the σ1 increases with increasing frequency until about 620 THz. This

increase shows that the rate at which electrons absorb the incident photons at a

given energy (or frequency) increases [51]. As seen in Fig. 9a, b, the imaginary parts

of the optical conductivity of the MDMO-PPV polymer are higher than the real

parts of the optical conductivity.

The optical conductivity (σopt) is a measure of the frequency response of the

material when irradiated with light and σopt can also be calculated as [52, 53],

ropt ¼ anc
4p

ð11Þ

where c is the velocity of light. Optical conductivity values of the MDMO-PPV

polymer for 0.261 mM, 6.640 and 3.014 µM at 489 nm were found to be

9.29 9 1011 s−1, 9.21 9 1011 s−1 and 9.06 9 1011 s−1, respectively. Optical con-

ductivity values of the MDMO-PPV polymer are higher than the optical

conductivity value (1.09 9 1010 s−1) of the TiN/PVA nanocomposites at 532 nm

[47] in the literature.
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The effects on optical parameters of the MDMO-PPV polymer
of the solvents

To determine the optical band gap Eg of the solutions of the MDMO-PPV polymer

for 0.217 mM of the xylene, toluene, chlorobenzene, chloroform and tetrahydro-

furan solvents, the (αhν)2 plot vs. the photon energy E of the MDMO-PPV polymer

is shown in Fig. 10. By extrapolating the linear plot to (αhν)2 = 0 at the linear

region, the optical band gap values of the MDMO-PPV polymer were obtained and

given in Table 2. As seen in Table 2, the Eg value (2.103 eV) of the MDMO-PPV

polymer for tetrahydrofuran solvent is the highest value, while the Eg value

(2.020 eV) of the MDMO-PPV polymer for xylene solvent is the lowest value. The

Eg values of the MDMO-PPV polymer are in agreement with literature values (2.15,

2.10 and 2.12 eV) [25]. Also, the Eg values of the solutions of the MDMO-PPV

Fig. 9 The a real (σ1) and b imaginary (σ2) parts of the optical conductivity dependence on frequency of
the MDMO-PPV polymer for 0.261 mM, 6.640 and 3.014 µM in chloroform solvent
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polymer are higher than the value (2.36 eV) in the literature [27]. Although the

MDMO-PPV polymer was fully dissolved in all the solvents, the lowest optical

band gap was obtained for xylene. These results suggest that xylene, toluene,

chlorobenzene, chloroform and tetrahydrofuran solvents can be preferred to obtain

Fig. 10 The (αhν)2 plot vs. the
photon energy (E) of the
MDMO-PPV polymer for
xylene, toluene, chlorobenzene,
chloroform and tetrahydrofuran
solvents at 0.217 mM

Table 2 The optical parameters of the MDMO-PPV polymer for xylene, toluene, chlorobenzene,

chloroform and tetrahydrofuran solvents

Solvents Xylene Toluene Chlorobenzene Chloroform Tetrahydrofuran

Eg (eV) 2.020 2.057 2.083 2.088 2.103

n at 615 nm 4.455 2.882 2.183 2.397 2.823

n at 875 nm 1.981 1.692 1.599 1.723 1.976

E0 (eV) 2.097 2.199 2.402 2.365 2.326

Ed (eV) 3.359 2.406 2.435 2.937 4.241

M−1 1.602 1.094 1.014 1.242 1.824

M−3 (eV
−2) 0.364 0.226 0.176 0.222 0.337

f (eV2) 7.042 5.291 5.848 6.944 9.862

n0 1.613 1.447 1.419 1.497 1.680

χ(1) 0.128 0.087 0.081 0.099 0.145

χ(3) (esu) 9 10−13 0.510 0.109 0.082 0.183 0.840

n2 (esu) 9 10−12 1.191 0.284 0.218 0.461 1.884
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lower optical band gap of the MDMO-PPV polymer, respectively. The optical band

gap (2.057 eV) of the MDMO-PPV polymer for toluene solvent is lower than the

value (2.088) of the MDMO-PPV polymer for chloroform solvent. This result is in

agreement with literature values (2.15 eV for chloroform and 2.12 eV for toluene)

[25].

Refractive index (n) is one of the fundamental properties for an optical material,

because it is closely related to the electronic polarizability of ions and the local field

inside materials [54, 55], and it is an important parameter for optical, optoelectronic

and photovoltaic applications, because high refractive index (n) thin film materials

(typically[1.65) [56] are generally used to improve the performance of optical and

photovoltaic devices in many technologies such as solar cells [41], Bragg gratings

[44], photonic crystals [57] and waveguide-based optical circuits [58]. The complex

optical refractive index is expressed as,

n̂ ¼ nðxÞ þ ikðxÞ ð12Þ
where n is the real part and k is the imaginary part of complex refractive index. The

optical properties of the MDMO-PPV polymer can be characterized by refractive

index. The refractive index is obtained from the following equation [38–40],

n ¼ 4R

ðR� 1Þ2 � k2

" #1=2

�Rþ 1

R� 1

8<
:

9=
; ð13Þ

where R is the reflectance of the MDMO-PPV polymer. The refractive index

(n) values of the MDMO-PPV polymer for 0.217 mM of the xylene, toluene,

chlorobenzene, chloroform and tetrahydrofuran solvents were calculated from

Eq. (13). Figure 11a indicates the plot of n vs. λ of the MDMO-PPV polymer. The

refractive index (n) values of the MDMO-PPV polymer at 615 and 875 nm are given

in Table 2. As seen in Table 2, at 615 nm the n value (4.455) for xylene is the

highest, while the n value (2.183) for chlorobenzene is the lowest. Similarly, at

875 nm the n value (1.981) for xylene is the highest, while the n value (1.599) for

chlorobenzene is the lowest. It is observed that the refractive index of the MDMO-

PPV polymer decreases with increasing wavelength and the refractive index can be

changed with various solvents. The refractive index values of the MDMO-PPV are

close to n values in the literature [41, 43, 44, 54, 59–61].

The refractive index dispersion in semiconductor can be analyzed using the

Wemple–Di Domenico (WDD) single oscillator model, which is a semi-empirical

relation [39, 40, 62, 63].

n2 � 1 ¼ EdEo

E2
o � E2

ð14Þ

where E is the photon energy, E0 is the average excitation energy or single

oscillator energy for electronic transitions and Ed is the dispersion energy, which is a

measure of the average strength of inter-band optical transitions or the oscillator

strength and is independent of both the absorption band gap and the lattice con-

stants. Experimental verification of Eq. (14) can be obtained by plotting (n2 − 1)−1
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vs. E2. The plot of the 1/(n2 − 1) vs. E2 of the MDMO-PPV polymer is shown in

Fig. 11b. The E0 and Ed values of the solutions of the MDMO-PPV polymer of the

xylene, toluene, chlorobenzene, chloroform and tetrahydrofuran solvents were

obtained and given in Table 2. As seen in Table 2, the Ed value (3.359 eV) is the

highest for xylene, while the dispersion energy (Ed) value (2.241 eV) is the lowest

for tetrahydrofuran solvent. On the other hand, the E0 value (2.402 eV) is the highest

for chlorobenzene, while the single oscillator energy (E0) value (2.097 eV) is the

lowest for xylene. The single oscillator energy (E0) values of the MDMO-PPV

polymer are lower than the E0 value (5.5 eV) of the CoPc thin film [64], the E0 value

(3.76 eV) of the Y0.225Sr0.775CoO3±δ thin film [65] and are higher than E0 value

(5.025 ± 7.1 9 10−5 eV) of the TlInS2 layered single crystal [61] in the literature.

Also, the dispersion energy (Ed) values of the MDMO-PPV polymer are lower than

Fig. 11 a The plot of n vs. λ and b 1/(n2 − 1) vs. E2 of the MDMO-PPV polymer for xylene, toluene,
chlorobenzene, chloroform and tetrahydrofuran solvents at 0.217 mM
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the Ed value (10.0 eV) of the Y0.225Sr0.775CoO3±δ thin film [65], the Ed value

(14.532 eV) of the CoPc thin film [64] and are higher than Ed value

(57.85 ± 6.7 9 10−5 eV) of the TlInS2 layered single crystal [61]. The Ed is related

to ionicity, anion valency, coordination number, while the E0 is related to the optical

band gap [47].

The moments of the imaginary part of the optical spectrum M−1 and M−3

moments of the MDMO-PPV polymer can be obtained by [65–68]:

E2
0 ¼

M�1

M�3

ð15Þ

and

E2
d ¼

M3
�1

M�3

ð16Þ

TheM−1 andM−3 moments of the MDMO-PPV polymer were obtained and given

in Table 2. As seen in Table 2, the M−1 value (1.824) is the highest for

tetrahydrofuran, while the M−1 moment value (1.014) is the lowest for chloroben-

zene. On the other hand, the M−3 value (0.364 eV−2) is the highest for xylene, while

the M−3 moment value (0.176 eV−2) is the lowest for chlorobenzene.

The optical oscillator strengths (f) for optical transitions are considered as

absorption of a photon by the electron between the initial state and the final state

[65]. The transition rate is proportional to the square (f2) of the oscillator strength.

Hence, the oscillator strength may be regarded as an indicator of how strongly the

materials interact with the radiation. Hence, the f is a significant parameter and it is

given by the following equation [62]:

f ¼ E0Ed ð17Þ

The oscillator strength (f) values of the MDMO-PPV polymer for the xylene,

toluene, chlorobenzene, chloroform and tetrahydrofuran solvents were calculated and

given in Table 2. As seen in Table 2, the f value (9.862 eV2) is the highest for

tetrahydrofuran, while the oscillator strength (f) value (5.291 eV2) is the lowest for

toluene. The oscillator strength (f) values of the MDMO-PPV polymer are lower than

the oscillator strength value (37.51 eV2) of the Y0.225Sr0.775CoO3±δ thin film [65].

From WDD dispersion parameters E0 and Ed, the linear static refractive index

(n0) is given using the formula [69, 70]:

n0 ¼ 1þ Ed

E0

� �0:5

ð18Þ

The n0 values of the MDMO-PPV for the xylene, toluene, chlorobenzene,

chloroform and tetrahydrofuran solvents were calculated and given in Table 2. As

seen in Table 2, the n0 value (1.680) is the highest for tetrahydrofuran, while the n0
value (1.419) is the lowest for chlorobenzene. The n0 values of the MDMO-PPV are

lower than the n0 value (1.905) of the TiN/PVA nanocomposites [47] in the

literature.
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Optical linear susceptibility (χ(1)) is an important parameter and is given by [47]:

vð1Þ ¼ Ed

4pE0

ð19Þ

Optical linear susceptibility (χ(1)) values of the MDMO-PPV for the xylene,

toluene, chlorobenzene, chloroform and tetrahydrofuran solvents were calculated

and given in Table 2. As seen in Table 2, the χ(1) value (0.145) is the highest for

tetrahydrofuran, while the χ(1) value (0.081) is the lowest for chlorobenzene. The

χ(1) values of the MDMO-PPV are lower than the χ(1) value (0.209) of the TiN/

PVA nanocomposites [47] in the literature.

The nonlinear refractive index (n2) and third-order nonlinear susceptibility (χ(3))

parameters are calculated by combining Miller’s generalized rule and the relation

concerning χ(1) and χ(3) involving parameters from WDD single oscillator model

[70–72]. The χ(3) value is given as:

vð3Þ ¼ Aðvð1ÞÞ4 ð20Þ

Third-order nonlinear susceptibility (χ(3)) values of the MDMO-PPV for the

xylene, toluene, chlorobenzene, chloroform and tetrahydrofuran solvents were

calculated and given in Table 2. As seen in Table 2, the χ(3) value (0.840 9 10−13

esu) is the highest for tetrahydrofuran, while the χ(3) value (0.082 9 10−13 esu) is the

lowest for chlorobenzene. The χ(3) values of the MDMO-PPV are lower than the χ(3)

value (3.262 9 10−13 esu) of the TiN/PVA nanocomposites [47] in the literature.

Nonlinear refractive index (n2) is related to the third-order susceptibility by:

n2 ¼ 12pvð3Þ

n0
ð21Þ

The nonlinear refractive index (n2) values of the MDMO-PPV for the xylene,

toluene, chlorobenzene, chloroform and tetrahydrofuran solvents were calculated

and given in Table 2. As seen in Table 2, the n2 value (1.884 9 10−12 esu) is the

highest for tetrahydrofuran, while the n2 value (0.218 9 10−12 esu) is the lowest for

chlorobenzene. The n2 values of the MDMO-PPV are lower than the n2 value

(6.454 9 10−12 esu) of the TiN/PVA nanocomposites [47] in the literature. The

practical relevance of optical susceptibility, nonlinear refractive index and linear

static refractive index can be given as:

vð1Þ ¼ n2n0

12pA

� �1=4

ð22Þ

Estimated A value was found to be 1.89 9 10−10. This A value corresponds with

A values obtained by Wang [72] for some ionic crystals: 0.6 9 10–

10 \ A \ 2.5 9 10–10.
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Surface morphology properties of the MDMO-PPV film

Surface morphology properties of the MDMO-PPV film were investigated by high-

performance atomic force microscopy. Figure 12a, b shows two (2D)- and three-

dimensional (3D) topography images of the MDMO-PPV film for 5 9 5 µm2 scan

area, respectively. As seen in Fig. 12a, b, the topography images have the light and

dark regions. The color intensity as seen in Fig. 12a, b shows the vertical profile of

the material surface, with light regions being the highest points and the dark points

representing the depressions and pores [11].

Fig. 12 a Two (2D)- and b three-dimensional (3D) 5 9 5 µm2 scan area topography images of AFM of
the MDMO-PPV film
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There are very significant four types of roughness parameters such as roughness

average (Sa), root mean square roughness (Sq), surface skewness (Ssk), and surface

kurtosis (Sku). The surface roughness parameters of the MDMO-PPV film such as

Sq, Ssk and Sku values were obtained from the AFM images with an AFM software

program. The Sa value (2.924 nm) of the MDMO-PPV film is lower than the Sq

value (3.793 nm). The Sa value (2.924 nm) of the MDMO-PPV film is lower than

the Sa value (6.99 nm) of the MDMO-PPV thin film in the literature [25]. The Sq

value of the MDMO-PPV film is lower than the Sq value (5.16 nm) of the PSFP film

[73] in the literature. For a Gaussian distribution of asperity height, statistical theory

shows that the ratio of Sq to Sa should be 1.25. Ward [74] notes that the asperity

height distribution of most engineering surfaces (tribology) may be approximated

by a Gaussian distribution with Sq/Sa values of up to 1.31. The ratio (1.297) of the

Sq/Sa of the MDMO-PPV film is reasonably close to the value of 1.25 predicted by

theory. This result shows that the statistical relationships for surface roughness are

applicable [75].

The Ssk value (0.186) of the MDMO-PPV film is positive, the positive value

shows that the peaks are dominant on the surface as seen in Fig. 12b. Skewness

describes the asymmetry of the height distribution (HD) and is equal to 0 for a

Gaussian surface [76]. The surface of the MDMO-PPV film have a simple shape and

more advanced parameters are needed to fully describe the surface structure because

of the Ssk value (0.186) \ 1.5. It is observed that positive skewness values of the

MDMO-PPV film predict higher contact force, real area of contact, number of

contacting asperities, tangential and adhesion forces than the Gaussian case [77]. It

is observed that positive skewness of the MDMO-PPV film results in lower friction

coefficient values than the Gaussian case [77]. A positive Ssk value of the MDMO-

PPV film indicates a surface with islands and an asymmetry in the height histogram

and an additional Gaussian component in the HD [76].

The Sku value (5.328) of the MDMO-PPV film is higher than 3, which indicate

the low valleys with spiky surface as seen in Fig. 12a, b. In the literature [75],

Sku [ 3 for spiky surfaces; Sku \ 3 for bumpy surfaces; Sku = 3 for perfectly

random surfaces. The Sku value of the MDMO-PPV film shows that the MDMO-

PPV film indicates spiky and sharp islands or holes surfaces as seen in Fig. 12a, b. It

is known that the rough surfaces with positive skewness and high kurtosis values

reduce friction [42, 78]. The positive skewness and high kurtosis values of the

MDMO-PPV film are desirable to achieve low friction applications [77]. The

distributions with kurtosis values higher than three of the MDMO-PPV film predict

higher contact and friction parameters with larger deviations compared to the

Gaussian case [77]. The effect of skewness and kurtosis on the static friction

coefficient is significant practical engineering field [77]. The effect of kurtosis on

the static friction coefficient of the MDMO-PPV film is different, because different

trends are observed for kurtosis [3 [77].

Figure 13a, b shows the histogram and cross-section plots of the MDMO-PPV

film for 5 9 5 µm2 scan area, respectively. The histogram is a graph of neighboring

columns. Each column represents a height range. The height of each column

represents the number of image pixels, which have a height value in the particular

range. As seen in Fig. 13a, all columns have the same width, i.e., they represent the
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same height span. As seen in Fig. 13b, the cross-section plot of the MDMO-PPV

film was obtained for blue line region in Fig. 12a and it is formed many spiky

surfaces as seen in Fig. 13b. As seen in Fig. 13b, the heights of the first and second

peaks of the MDMO-PPV film are 6.43 and 2.81 nm, respectively.

Conclusions

The solution technique in this study is cheaper and more accurate than a film

technique to investigate the optical properties of the solutions of the MDMO-PPV

polymer. The effects of the molarities on the optical parameters were investigated.

The optical band gap of the solution of the MDMO-PPV polymer was decreased

with high molarities and various solvents. The orange light of the MDMO-PPV

polymer is emitted at about 598 nm for 0.261 mM, while the yellow light of the

MDMO-PPV polymer at about 580 nm. The MDMO-PPV exhibited low transmit-

tance values in the visible region, so it can be used in fabrication of some devices

such as an image sensor packaging structure and high intensity medium-pressure

Fig. 13 a The histogram and b cross section for 5 9 5 µm2 scan area plots of the MDMO-PPV film
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lamps. The optical band gap of the MDMO-PPV polymer can be found from the

plots of (αhν)2 vs. E, the absorption band edge and the first decrease of transmittance

spectra of the MDMO-PPV polymer. Xylene, toluene, chlorobenzene, chloroform

and tetrahydrofuran solvents can be preferred to obtain lower optical band gap

values of the MDMO-PPV polymer, respectively. The MDMO-PPV is suitable

material for fabrication of the metal–semiconductor (MS) contacts like Schottky

diode due to low optical band gap and suitable optical parameters. The ratio (1,297)

of the root mean square roughness (Sq) (3.793 nm)/roughness average (Sa)

(2.924 nm) of the MDMO-PPV film is close to the value of 1.25 predicted by theory.
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