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Abstract A thermo-oxidative pre-treatment with chemical

solutions is required in order to provide the adherence of

inorganic semiconductor to the isotactic polypropylene (iPP)

surface. A few thin films of iPP were treated with oxidizing

solution at 90 �C. The crystalline properties were analyzed

using XRD, and it had shown the presence of thea-monoclinic

phases. The ATR-FTIR spectra had indicated that character-

istic iPP peaks after thermo-oxidative chemical pre-treatment

diminished sharply. Moreover, the new carbonyl groups

(C = O) were observed, which signified oxidation. The UV–

Vis spectra had showed a blue shift in the absorption edge,

which corresponded to decrease in the optical band gap. The

non-isothermal decomposition and crystallization kinetics of

iPP films were studied and compared by means of thermo-

gravimetric analysis and differential scanning calorimetric

measurement. The values of the melting temperature Tm and

the crystallization temperature Tc were found to be iPP surface

structure and heating/cooling rate dependent. The activation

energy of crystallization Ec was determined.

Keywords Isotactic polypropylene film � Thermo-

oxidative chemical treatment � ATR-FTIR � Non-

isothermal crystallization kinetics � Activation energy

Introduction

Polymers modified by thin electrically conductive or

semiconductive films of binary inorganic compounds,

particularly of metal chalcogenides [1–4], represent a new

class of materials—composites. Composite materials possess

tunable characteristic optical and semiconducting properties.

In the recent years, metal chalcogenide semiconducting thin

films on polymeric surfaces have been extensively studied due

to their technological applications [3, 4].

PP is one of the fastest growing classes of thermoplas-

tics and can serve as a model of the metal chalcogenide–

polymer composite. PP among other polymers possesses

some exceptional properties. It has the highest stiffness, the

highest melting point, and the best physical characteristics

(lightness, mechanical strength, and electro- and thermal

insulating capabilities) [5–7]. PP is resistant toward many

organic and inorganic solvents and chemicals. However, in

its intrinsic state, PP does not possess the surface properties

required for preparation of thin film composites [8]. In one

unit of PP molecule chain, three atoms of carbon exist in

the form of different groups such as –CH2–, [CH–, and

–CH3. This results in the three-dimensional structure of the

molecule existing in a variety of forms which differ in their

spatial arrangement. Isotactic, syndiotactic, and atactic

forms are the three corresponding structures for polypro-

pylene [9–11]. iPP is known to have three semicrystalline

modifications such as a-monoclinic, b-hexagonal, and c-

orthorhombic forms. In a usage iPP films as the substrates

for depositing semiconducting films, a serious drawback of

PP material is its hydrophobicity and low free surface

energy [12]. It results in a weak molecular interaction

between the composite components. The free energy of PP

material surface can be increased by creating new oxygen-

containing functional chemical groups such as –OH and

–COOH on the material surface layer [8, 12–15]. This task

has been fulfilled by employing different approaches such

as chemical, electrochemical, physical, and plasma meth-

ods [16–18]. Although these methods of polymer surface
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modification are different and quite complicated, in general

all surface modification techniques share the common goal

of controlling the nature and number of chemical func-

tional groups on the polymer surface.

One of the PP surface modification methods is its oxi-

dation. The oxidation of iPP in solid phase can be achieved

via reactions with ozone, c-initiated corona method and UV

ray or with chemical oxidizing mixture [12, 16, 19–23].

The oxidation of iPP leads to the formation of oxygen-

containing surface functional groups, which greatly affect

the surface polarity and the adhesion properties of the

polymer toward the metal chalcogenide deposition.

The chemical oxidation method can be easily conducted

as it does not require specialized equipment and hence can

be easily adopted in any small-scale laboratory.

Generally, chemical etching involves the usage of the

mixtures of chromic acid and potassium permanganate in

sulfuric acid to introduce reactive oxygen-containing

moieties into PP and bring about improvement in adhesion.

Additionally, oxidizers convert smooth hydrophobic poly-

mer surfaces to rough hydrophilic surfaces by dissolving

the amorphous regions and/or oxidizing the surface. It has

been established that the amorphous phase on the interfa-

cial layers is the one mainly affected during these treat-

ments. As it has been reported earlier, high etching time

leads to over-etched sample where the surface strength is

diminished and peel strength dropped [24]. Thus, the

investigation of the iPP surface in terms of functional

group content, crystallinity, and activation energy of the

etched surface is significant for systematic understanding

of metal chalcogenides formation on PP surface.

The aim of this work was to determine the physico-

chemical characteristics of thermo-oxidative chemically

treated commercial PP. The compositional, structural, and

optical properties were determined by means of the ATR-

FTIR, UV–Vis, XRD, TG, and DSC techniques. The

obtained results are important knowledge for the optimi-

zation of metal chalcogenide–PP composite deposition

conditions.

Experimental

Materials and sample preparation

15 9 70 mm size samples of commercial PP film (Proline

X998, KWH Plast, Finland) of 150 lm thickness were used

for the experiments. Density of the PP samples was

determined by float method in water–acetone solutions of

various densities (0.900–0.950 g cm-3) at 20 �C. It has

been established that the density of the initial PP is

q = 0.905 g cm-3.

For depositing metal chalcogenide layer, the hydro-

phobic PP sample requires an initial surface treatment

process in order to facilitate its hydrophilicity. PP mass

losses after chemical treatment are recommended to be

2 g m-2 [25, 26]. With aspiration to avoid over-etching, it

was recommended [25] to prepare etching solution with

phosphoric acid (H3PO4). It has been determined that in

order to obtain the recommended weight losses, oxidizing

solution (H2SO4/H3PO4 (1:1), saturated with CrO3) at

90 �C temperature and 25 min treatment is suitable. After

thermo-oxidative chemical pre-treatment, the density of PP

changed to q = 0.910 g cm-3, indicating that amorphous

PP with lower density and molecular mass was etched and

washed from PP surface.

All solutions were prepared using distilled water and

analytical grade reagents H2SO4 (96 %, Barta a Cihlar,

Czech Republic), H3PO4, (60 %, Lach-Ner, Czech

Republic), and CrO3 ([99 %, Reachim, Russia). Only

freshly prepared solutions were used for measurements and

were not de-aerated during the experiments. Thus, obtained

samples were removed from the reaction solution, rinsed

with distilled water, and dried at room temperature.

Test methods

X-ray diffraction (XRD)

The XRD patterns of PP film samples were recorded with a

conventional Bragg–Brentano geometry (h–2h scans) on a

DRON-6 automated diffractometer equipped with a sec-

ondary graphite monochromator. Cu Ka radiation

(k = 1.541838 Å) was used as a primary beam. The pat-

terns were recorded from 10 to 60� 2h in steps of 0.02� 2h,

with the measuring time of 0.5 s per step. The diffraction

patterns were recorded automatically by a data acquisition

system. The peaks obtained were identified on the basis of

those available in PDF-2 data base [27].

UV–Vis spectroscopy

The UV–Vis spectra (195–600 nm) were recorded using a

Spectronic Genesys 8 UV/Visible spectrophotometer.

FTIR spectroscopy

The changes in chemical structure and binding configura-

tion were analyzed by attenuated total reflectance (ATR)

spectroscopy, since ATR spectroscopy is an often chosen

technique as it may be used to obtain the spectra of the

surfaces of the adhesive sides of a sample. ATR-FTIR

spectra were recorded in the wavenumber range of

3,000–600 cm-1 on a Perkin Elmer FTIR Spectrum GX
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spectrophotometer by averaging 64 scans with a wave

number resolution of 1 cm-1 at room temperature.

Thermogravimetric analysis (TG)

The non-isothermal TG measurements were carried out

using 6–7 mg of the polymer samples at a heating rate of

10 �C min-1 in nitrogen atmosphere using a Netzsch

instrument ‘‘STA 409 PC Luxx.’’ The flow rate of nitrogen

atmosphere was: purge gas—100 cm3 min-1, protective

gas—30 cm3 min-1. Each sample was scanned over a

temperature range from 30 �C up to 500 �C. The mass

change was recorded as a function of temperature. Ceramic

sample holders and Al crucibles were used.

Differential scanning calorimetry (DSC)

The DSC tests of PP film samples were performed using a

Perkin Elmer DSC 8500 (with Hyper DSC). Polymers with

a thickness of 150 lm were punched-cut with a standard

single-hole paper puncher. Disk-like samples of about

4 mg were weighed and sealed into Perkin Elmer alumi-

num DSC pans. All tests were performed in a nitrogen

atmosphere. The flow rate of nitrogen atmosphere was

50 cm3 min-1. All samples were first heated to 250 �C at

different rates (5, 10, 15, and 20 �C min-1) and kept for

3 min to eliminate prior thermal history. The specimen was

subsequently cooled down to 30 �C at the same cooling

rate.

Results and discussion

PP identification by X-ray diffraction analysis

The surface structure of initial PP film used in experiments

was identified by XRD analysis. Figure 1 presents the

X-ray diffraction pattern in conventional mode (h–2h) of

the initial and oxidized PP film samples. The peaks of

semicrystalline PP between 10 and 60� (in 2h) were

observed. These peaks, in accordance with JCPDS

50-2397, appear at 14.00�, 16.85�, 18.47�, 21.01�, and

21.80� (in 2h) that correspond to the (110), (040), (130),

(111), and (131) planes, respectively. The X-ray diffraction

of initial PP has shown the typical a-form iPP samples [28]

and exhibited complete absence of the b-form, which

shows two strong peaks at 2h of 16.28� and 21.28� [29].

After the chemical thermal oxidation of iPP film, dif-

fraction pattern gave dominant peaks at 14.00�, 16.84�,

18.46� (in 2h), and others as indicated in Table 1. In both

initial iPP and oxidized one, the crystal plane of PP is

monoclinic, showing reflections assigned to planes (110),

(040), and (130) (Table 1).

The comparison of XRD spectra indicates that there is

no major change observed in the width and positions of

XRD peaks after iPP thermal oxidation in chemical solu-

tion. The intensity of the (110), (040), (130), (111), and

(131) peaks increases with thermal oxidation. The thermal

oxidation involves a negligible shift of the iPP peaks to

lower 2h (Table 1). Attenuation length for iPP in the range

of 2h 10–60� [30] varies from 100 to 1000 lm, respec-

tively. The thickness of the investigated PP films is

150 lm, and the information about the crystallinity has

10
0

200

400

600

800

1000

In
te

ns
ity

/a
.u

.

1200

1400

1600

0

200

400

600

800

1000

In
te

ns
ity

/a
.u

.

1200

1400 110 040

111
130 131

Initial iPP

Oxidized iPP

20 30

2θ/°

40 50

10 20 30

2θ/°

40 50

Fig. 1 Comparison of XRD patterns of iPP film

Table 1 The 2h diffraction angles and (hkl) reflections for the initial

and oxidized iPP

Standard 2h
value JCPDS

50-2397 [27]

(hkl) Observed d-value/Å Observed 2h

Initial

iPP

Oxidized

iPP

Initial

iPP

Oxidized

iPP

14.19 110 6.32 6.32 14.00 14.00

17.05 040 5.26 5.26 16.85 16.84

18.64 130 4.80 4.80 18.47 18.46

21.36 111 4.22 4.23 21.01 20.98

21.87 131/041 4.07 4.07 21.80 21.80

25.70 150/060 3.50 3.49 25.43 25.47

27.25 141/200 3.14 3.15 28.36 28.33
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been obtained throughout the whole sample thickness. In

the case of this specific oxidative treatment, it is thought

that the effect of the short exposure oxidation on the film

thickness is negligible; moreover, the obtained data show

that the thermal oxidation slightly affects the crystalline

structure of iPP. In the longer term, thermal oxidation

affects the crystalline structure of PP significantly [31, 32].

UV–Vis spectroscopy measurements

The optical properties of initial iPP and the one after

chemical thermo-oxidative pre-treatment were studied by

UV–Vis Spectroscopy in the wavelength range of

195–600 nm, e.g., across UV and visible regions. The

transmission spectra are shown in Fig. 2. For all iPP

samples studied, in the ultraviolet region at 250 nm the

transmittance amounts to 85 % for initial iPP and 87 % for

oxidized iPP; then it increases in conjunction with the

wavelength and may become as high as 95 % at 600 nm in

visible region. Transmittance of the oxidized iPP in the

visible spectral region is practically the same as that of

initial iPP.

According the literature data [33], the wavelength range

of the absorption edge for iPP has been found to be within

200–255 nm in the ultraviolet light region. In our case, the

absorption edge for the initial iPP was found at a wave-

length of about 245 nm. Thermo-oxidative pre-treatment

caused the transmittance to shift toward the lower values.

An absorption edge is shown in Fig. 2a and was estimated

to be 240 nm, thus indicating the existence of a polar group

in the polymer matrix. The shift transmittance after

thermo-oxidative pre-treatment of iPP is usually associated

with chain scission. The blue shift is due to the formation

of the carbonyl group (C = O) [34]. This has also been

confirmed by the ATR-FTIR spectroscopic analysis. Thus,

it can be inferred that thermo-oxidative pre-treatment

causes subtle change in the chemical structure of the

polymer without resulting in an alteration of its major

physical and structural properties.

The blue shift in absorption edges under thermo-oxida-

tive pre-treatment was correlated with the optical band gap

Eg according to Tauc’s expression [35].

The intersection of the extrapolated spectrum with the

abscissa of the plot (agm)2 versus hm yields the gap wave-

length kg from which the energy gap was derived. Energy

band gaps were found to be 5.3 eV for initial iPP (Fig. 2b)

and 5.2 eV for oxidized one (Fig. 2c), which closely agrees

with values reported previously [33].

Thus, the optical absorption method was used for pro-

viding information about the energy gap [36]. The thick-

ness of initial iPP is 150 lm. The error in the measurement

of the thickness of the films is of the order of ±0.1 lm. For

determining the wavelength gap, the best linear fit of the

points on the curve (agm)2 versus hm was always performed.

Taking into account the accuracy of that fit, the extrapo-

lation toward the band gap wavelength kg is possible within

an error not exceeding a few %. This corresponds to a

maximum possible error in the energy band gap determi-

nations of ±0.1 eV.

Infrared spectroscopy measurements

Figure 3 shows the spectra of initial and oxidized iPP film,

obtained with infrared spectrometer (FTIR) in ATR mode.

The FTIR analysis enabled identification of the groups’

characteristic of iPP used in the experiments. The iPP

consists of the repeating propane units (CH2–CH(CH3))

linked together. The methyl groups (–CH3) alternate with a
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hydrogen (H) in the backbone chain and are all on the same

side. The FTIR spectrum of the used iPP sample displays

absorption peaks which coincide well with the reported

literature data [37, 38].

The spectra of initial iPP show the presence of four bands

located between 3,000 and 2,800 cm-1 (2,948, 2,916, 2,864,

and 2,837 cm-1) (Fig. 3a). The peaks corresponding to the

methyl group occur at 2,948, 2,864, and 1,375 cm-1. Two

peaks at 2,948 and 2,864 cm-1 are attributed to the asym-

metric stretch vibration and symmetric stretch vibration of

C–H. The peaks at 2,916 and 2,837 cm-1 are related to

methylene group (CH2) asymmetric and symmetric C–H

stretches. In the iPP spectrum, moderate absorption peaks of

deformation vibrations of the plane methylene group arise in

the spectral range of 1,445–1,485 cm-1, and methyl group

vibrations are registered in the range of 1,430–1,470 or

1,365–1,395 cm-1. In the spectrum of iPP under investiga-

tion, these peaks appear at 1,451 and 1,375 cm-1, respec-

tively. (Figure 3b). The peak at 1,375 cm-1 is due to the

known ‘umbrella’ mode (symmetric bending mode). The

peak located at 1,451 cm-1 is due to the overlapping of the

asymmetric bending mode of the methyl group (CH3) and

the methylene scissoring mode [38].

The absorption peaks at 840, 973, 1,000, and

1,170 cm-1 are characteristic vibrations of the terminal-

unsaturated CH2 groups present in iPP [39]. These char-

acteristic features in the spectrum obtained in our experi-

ment are observed at 841, 972, 996, and 1,165 cm-1

(Fig. 3b).

The spectrum of oxidized iPP sample shows some

changes. The characteristic peaks diminish sharply in

intensity and a new signal appears at 1,719 cm-1. This

signal is attributed to the carbonyl group (C = O)

stretching [36]. The spectrum of oxidized iPP confirms that

the chemical thermo-oxidative pre-treatment of iPP

increases surface hydrophilicity by introducing oxygen-

containing polar groups.

It has reported in literature [40–42] that the volume

crystallinity index is proportional to A841/A972 ratio, where

A972 is the absorbance peak intensity at 972 cm-1 and is

insensitive to the amorphous/crystalline ratio of iPP,

whereas A841 is the intensity of the band at 841 cm-1

linked to crystallinity content. This ratio is close for the

initial iPP matrix (0.9966) and oxidized iPP (0.9987) and

thus the crystallinity rate is too.

The non-isothermal TG

The TG results obtained from iPP and the oxidized one are

shown in Fig. 4. iPP thermally degrades to volatile pro-

ducts above 250 �C through a radical chain process prop-

agated by carbon-centered radicals originated by carbon–

carbon bond scission [43]. As seen from Fig. 4, PP vola-

tilizes completely in a single step starting at about 350 �C

with a maximum rate at 475 �C. The mass loss of initial PP

(87.07 %) takes place very slowly at temperatures below

thermal degradation onset (400 �C), but this process occurs

very rapidly above 400 �C. The thermal degradation of iPP

can take place through random chain scission and a radical

chain mechanism.
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The process of mass loss of the oxidized iPP (89.87 %)

is very similar to mass loss process of initial iPP. Its begins

at 350 �C, occurs very rapidly at 375 �C, and is finished at

475 �C.

The non-isothermal DSC

Figure 5 shows the non-isothermal DSC heating/cooling

curves of initial iPP. The non-isothermal melting and

crystallization parameters of the DSC curves are summa-

rized in Table 2. As shown in Fig. 5, the increase of

heating rate from 5 to 20 �C min-1, leads to a decrease in

melting peak temperature (Tmp) from 162.19 to 160.65 �C.

It is well reported that most commercial iPPs are usually

blends of different crystal modifications of iPP [44]. Our

result could be ascribed to one of a (monoclinic) iPP

crystalline forms [45], as has been previously confirmed by

XRD and FTIR analyses. In melt-crystallized iPP, crystal

structure is the a form too. With the increase of heating rate

from 5 to 20 �C min-1, melting enthalpy (DHm) increased.

It is evident that the peak of crystallization temperature

(Tcp) for the initial iPP changed just slightly (from 122.08

to 114.63 �C).

Figure 6 shows the non-isothermal DSC heating/cooling

curves of oxidized iPP. Tmp and DHm are also listed in

Table 2. It can be seen that oxidized iPP shows similar

tendency as the initial iPP in Tmp, Tcp, and DHm.

The crystallinity (XC) of iPP can be calculated according

to the following equations:

XC ¼
DHm

DH0
m

� 100 %; ð1Þ

where DHm is the enthalpy of melting of the iPP and DH0
m

is the fusion enthalpy of 100 % crystalline sample (usually

the literature value of 209 J g-1 is used) [46]. The crys-

tallinity of iPP is calculated from Eq. (1), and the data are

listed in Table 3.

It can be seen from Table 3 that thermo-oxidative

chemical pre-treatment of iPP does not evidently change

the crystallinity. The more severe thermal oxidation influ-

ences strongly the iPP crystallinity [31, 32].

The crystallization rate can be expressed as a function of

time according to the following equation [47–49]:
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Temperature/°C

H
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140 180 220 260

r4 = 20 °C min–1

r3 = 15 °C min–1

r2 = 10 °C min–1

r1 = 5 °C min–1

Fig. 5 DSC patterns of initial iPP prepared by non-isothermal

melting/crystallization at various heating/cooling rates. The subse-

quent heating/cooling rates are shown in the figure

Table 2 DSC data of iPP

Heating/cooling rate,

vh /�C min-1
Tmo/�C* Tmp/�C DHm/J g-1 Tcp/�C DHc/J g-1

Initial

iPP

Oxidized

iPP

Initial

iPP

Oxidized

iPP

Initial

iPP

Oxidized

iPP

Initial

iPP

Oxidized

iPP

Initial iPP Oxidized

iPP

5 154.71 154.39 162.19 162.20 55.63 61.41 122.08 122.08 -77.17 -84.17

10 142.50 151.26 161.08 161.09 66.17 59.88 118.75 118.65 -80.71 -82.75

15 149.30 153.86 160.69 160.80 66.88 65.68 116.63 116.48 -82.23 -83.73

20 149.91 148.54 160.65 160.37 66.34 63.74 114.63 114.76 -82.27 -82.40

* Tmo—Melting onset temperature

20 60

Oxidized iPP

r4 = 20 °C min–1

r3 = 15 °C min–1

r2 = 10 °C min–1

r1 = 5 °C min–1

100 140
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H
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t f
lo

w
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W
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xo

180 220 260

Fig. 6 DSC patterns of oxidized iPP prepared by non-isothermal

melting/crystallization at various heating/cooling rates. The subse-

quent heating/cooling rates are shown in the figure
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df

dt
¼ cð1� f Þ; ð2Þ

where f is crystalline fraction and c is the reaction rate

constant which is calculated according to Arrhenius

equation:

c ¼ c0 expð� Ec

kT
Þ; ð3Þ

where Ec is the activation on energy of crystallization, k is

the Boltzmann constant, T is the temperature, and c0 is the

frequency factor.

A plot of ln(r/Tc
2) versus 1/Tc is shown in Fig. 7. The

slope of these straight lines gives the activation energy of

crystallization Ec; the value of Ec for initial iPP is 2.513 eV

and for oxidized iPP is 2.502 eV. Activation energy is the

energy barrier, and the lower Ec value for oxidized iPP

made the low free surface energy higher which resulted in a

metal chalcogenide film interaction with oxidized iPP

surface.

Conclusions

The thermo-oxidative chemical pre-treatment of iPP sur-

face has been used to obtain interaction between hydro-

phobic, low surface energy polymeric surfaces and metal

chalcogenides species. After chemical pre-treatment, the

density of iPP changed from 0.905 to 0.910 gcm-3 in

comparison to the value of the density of initial iPP sam-

ples. The increasing apparent density also indicated that

amorphous PP with lower density and molecular mass was

etched and washed from semicrystalline iPP surface. The

XRD analysis has clearly confirmed that the material under

study is an iPP with a (monoclinic) crystalline form. The

thermo-oxidative chemical pre-treatment of iPP takes place

without destruction of polymer chains and with function-

alization. It led to changes in the physicochemical prop-

erties of the polymer due to chain scission and presence of

carbonyl group as confirmed by FTIR and UV–Visible

spectroscopic analyses. Optical studies have shown that

iPP film has direct band-to-band type optical transition.

The bang gap energy Eg has been found to be 5.3 ± 0.1 eV

for initial iPP and 5.2 ± 0.1 eV for oxidized one. It has

also been observed that the melting and crystallization

temperatures reduce as carbonyl group appears. DSC

results have shown that the presence of carbonyl group in

oxidized iPP influences Tm and melting enthalpy; they are

lower when compared to the ones of initial iPP. Melting

enthalpy and crystallization energy change indicate the

change in surface energy and adhesion. In summary of

these results, it can be concluded that we were able to

successfully modify iPP film surface compositional struc-

ture by inducing hydrophilic character via carboxylic group

formation which led to the optimization of metal chalco-

genide–iPP composite deposition conditions.
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