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Abstract
Synthesized PEO:I2 complex composite films with different I2 concentrations were 
deposited onto fused silica substrates using a dip-coating method. Incorporation of 
PEO films with I2 increases the electrical conductivity of the composite, reaching a 
maximum of 46 mS/cm for 7 wt% I2. The optical and optoelectronic properties of 
the complex composite films were studied using the transmittance and reflectance 
spectra  in the UV-Vis region. The transmittance of PEO decreases with increas-
ing I2 content. From this study, the optical bandgap energy decreases from 4.42 to 
3.28 eV as I2 content increases from 0 to 7 wt%. In addition, the refractive index 
for PEO films are in the range of 1.66 and 2.00.1H NMR spectra of pure PEO film 
shows two major peaks at 3.224 ppm and 1.038 ppm, with different widths assigned 
to the mobile polymer chains in the amorphous phase, whereas the broad compo-
nent is assigned to the more rigid molecules in the crystalline phase, respectively. 
By adding I2 to the PEO, both peaks (amorphous and crystal) are shifted to lower 
NMR frequencies indicating that I2 is acting as a Lewis acid, and PEO is acting as 
Lewis base. Hence, molecular iodine reacts favorably with PEO molecules through 
a charge transfer mechanism, and the formation of triiodide ( I−

3
 ), the iodite ( IO−

2
 ) 

anion, I
2
⋅ ⋅ ⋅ PEO and I+

2
⋅ ⋅ ⋅ PEO complexes. PEO:I2 complex composite films are 

expected to be suitable for optical, electrical, and optoelectronic applications.
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Introduction

Polyethylene oxide (PEO) is a crucial polymer electrolyte due to its low cost, 
high chemical and electrochemical stability, high stability in reduction processes, 
and good solubility of metal ions [1–6]. The importance of the PEO is for practi-
cal applications such as fuel cells, lithium-ion batteries, hybrid power superca-
pacitors [3, 7]. Incorporating inorganic ions into the polymer reduces transpar-
ency due to the absorption and scattering of electromagnetic photons from ionic 
agglomerates [8–11]. These complex composite films have tantalizing applica-
tions in advanced optoelectronic devices [12, 13].

The main reasons for choosing PEO as the host polymer in this study are the 
semi-crystalline nature [14], besides the low absorption of visible light [15, 16]. 
The electrical conductivity of the polymer increased by incorporation with elec-
tron donors or acceptors [17]. Iodine (I2) was chosen as the electron acceptor 
dopant in the polymers because of its significant influence on the optical, elec-
trical and dielectric properties [18, 19]. According to our previous study [20], 
PEO:I2 is an effective complex composite because of the significant variations in 
ionic conductivity and dielectric properties.

Previous work [20] investigated the effect of iodine doping in PEO films on 
dielectric relaxation, X-ray photoelectron spectroscopy, and morphological prop-
erties. To further tune the optical, optoelectronic and electrical properties, such 
as refractive index, optical bandgap, and electrical conductivity, and to better 
understand the nature of the interactions in PEO, this study presents a composite 
of PEO polymer with different doping levels with inorganic filler I2. The effect of 
varying ionic concentrations of PEO:I2 complex composite films on optical and 
electrical properties is discussed. Furthermore, this study aims to understand the 
doping mechanism of PEO:I2 complex composite.

Experimental sections

Sample preparation

Polyethylene oxide (PEO) of MW 300.000  g/mol and Iodine (I2) of MW 
253.8089 g/mol were obtained from Sigma-Aldrich; all solutions were prepared 
in absolute methanol (MeOH). A polymeric stock solution of PEO/MeOH was 
prepared by dissolving 1.0 g PEO in 100 mL MeOH by stirring for 5 h at 45 °C. 
The ionic stock solution of I2/MeOH was prepared by dissolving 0.1  g of I2 in 
100  mL MeOH by stirring for 5  h at room temperature. The complex compos-
ite solutions with 0, 1, 3, 5, and 7 wt% of I2 were prepared by mixing 20 mL of 
PEO/MeOH with a calculated volume of I2/MeOH by ultrasonic water bath until 
the solution became a yellow homogeneous solution. PEO:I2 complex composite 
films were deposited on fused silica substrates by the dip-coating technique for 
2 h. After that, PEO:I2 complex composite films were accomplished by drying the 
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resulting films at room temperature for 24 h. A mathematical model proposed by 
Al Bataineh et al. was used to calculate the film thickness, which turned out to be 
around 500 nm [21].

Characterization

The doping mechanism for the PEO:I2 complex composite was investigated by ana-
lyzing the chemical structure using an FTIR Microscope HYPERION 3000 from 
Bruker and HN MAS NMR (600.13 MHz, Bruker AVIII-600 spectrometer). In addi-
tion, the electrical conductivity and pH measurements were also performed with 
SevenGo Duo SG23 conductivity-pH, and the absorption bands for the composite 
solution were examined with a UV–Vis spectrophotometer (Hitachi U-3900H) with 
a total internal integrating sphere. Thermal stability was investigated by thermo-
gravimetric analysis (NETZSCH Premier Technologies, Exton, PA, USA).

Results and discussion

FTIR and NMR spectroscopies

Figure  1 shows the chemical structure of pure PEO and PEO:I2 composites. The 
FTIR spectra show the typical vibrational bands of PEO, the vibrational band 

Fig. 1   FTIR spectra of pure PEO and PEO:I2 complex composites with varying I2 doping concentrations
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observed at 2880 cm−1 represents the stretching C–H bonds, 1466 cm−1 represents 
the scissoring CH2 bonds, 1340  cm−1 represents the wagging CH2 bonds, 1276 
and 1235 cm−1 represent the twisting CH2 bonds, 955 and 840 cm−1 represent the 
rocking CH2 bonds, and 527  cm−1 represents the bending C–H bonds. Moreover, 
the triplet peak of the C–O–C stretching band at a maximum of 1088  cm−1 con-
firms the semicrystalline phase of PEO [22]. It is clear that the introduction of I2 
into PEO has shifted the peak from 531 into 529  cm–1, indicating the appearance 
of C–I stretching vibrations and thus incorporating iodine with the polymer matrix. 
In addition, it can be seen that apparent changes in linewidth and peak position are 
observed with increasing I2 concentration. These changes represent the difference in 
the electronegativity between iodine and the polymer atoms, which can significantly 
affect the neighbouring group frequencies [18]. Furthermore, the change in inten-
sity, linewidth and band position of the triplet peak of the C–O–C stretching band 
confirms the change in the degree of crystallinity [22].

1H NMR spectra of pure PEO film show two major peaks at 1.038  ppm and 
3.224 ppm, with different widths (Fig. 2). Characteristically, the narrow component 
can be assigned, without ambiguity, to the mobile polymer chains in the amorphous 
phase, whereas the broad component is assigned to the more rigid molecules in the 
crystalline phase. Therefore, the peaks at 1.132 ppm and 3.174 ppm belong to the 
crystalline and the amorphous phase, respectively [23]. The amorphous phase peak 
has a symmetric shape at room temperature, while the NMR peak of the crystalline 
is still a broad asymmetric convoluted peak indicating that the crystalline phase is 
still in the rigid glassy form. Introducing I2 into the PEO matrix leads to increasing 
the linewidths of both peaks, but the changes are more pronounced in the peak asso-
ciated with the amorphous phase. By adding I2 to the PEO, both peaks (amorphous 
and crystal) were shifted to the lower NMR frequencies indicating that the protons 

Fig. 2:   1H NMR spectra of pure PEO and PEO:I2 complex composite
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in PEO have a higher electron density. This means that I2 is acting as a Lewis acid, 
and PEO is acting as Lewis bases, hence, molecular iodine reacts favorably with 
PEO molecules through a charge transfer mechanism, to form charge transfer com-
plexes (CTCs) as confirmed by electron spin resonance spectroscopy [24]. Addition-
ally, the complexation also confirmed by the high-resolution XPS of the lower bind-
ing component confirmed the formation of triiodide ( I−

3
 ) [25], the iodite ( IO−

2
 ) anion, 

I2 ⋅ ⋅ ⋅ PEO and I+
2
⋅ ⋅ ⋅ PEO complexes [26–28]. Additionally, XPS confirmed that 

I2 ⋅ ⋅ ⋅ PEO complex is shifted to a higher binding energy relative to the molecular 
I2 , due to the partial positive charge on the I2 caused by the interaction with the more 
electronegative oxygen atoms in PEO [17].

pH measurement and electrical conductivity

Figure 3a shows the pH measurement results of the PEO:I2 complex composite solu-
tions. pH values decrease as the I2 concentration increases in the composite, which 
translates into increased solution acidity with doping. Figure 3b shows the electrical 
conductivity for PEO:I2 complex composite solutions as a function of I2 concentra-
tion. The electrical conductivity of the PEO:I2 solution increased by four orders of 
magnitude with I2 doping, with a maximum of 46 mS/cm being achieved with 7 wt% 
of I2. Additionally, the conductivity of the PEO:I2 films also improves with increas-
ing I2 concentration (Fig. 3c). The low electrical conductivity value associated with 
pure PEO can be attributed to the van der Waals interactions in polymer and the 
charge carriers hopping in the amorphous phase in this polymer [29]. Introducing 
I2 in the PEO matrix changes the gap-state occupation and, consequently, changes 
the electrical conductivity. Moreover, the electrical activity of iodine in the doped 
states can be affected by two factors: the first is related to the dangling bonds D0 and 
H-atoms of PEO, and the second is due to the creation of other dangling bond states 
D+ [30]. Also, iodine creates deep localized states in PEO, which leads to gap-state 
density changes by shifting the Fermi level and, consequently, increasing the electri-
cal conductivity [31]. However, the electrical conductivity of the complex composite 

(a) (b) (c)

Fig. 3   a pH and b electrical conductivity of PEO:I2 composite solutions versus I2 [wt%], and c Electrical 
conductivity of PEO:I2 composite films versus I2 [wt%]
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solutions is much higher than the electrical conductivity of the films, which can be 
attributed to the existence of diffusion of the iodine and the other factors that affect 
the electrical conductivity.

UV–Vis absorption spectroscopy

UV–Vis absorption spectroscopy was used to study the absorption bands of PEO:I2 
complex composites (Fig. 4). Incorporation of PEO with I2 leads to a decrease in 
bandgap energy, shifting into the red region of the absorption bands and creating 
a new sub-band at 415.86 nm for 1 wt% I2 concentration, being the latter band red-
shifted to 441.04 nm for 7 wt% I2 concentration. The absorbance spectra for PEO 
exhibit three transition bands with maxima at 216.69, 271.09, and 346.60 nm, with 
linewidths of 37.20, 70.66, and 191.62 nm, respectively. These three transitions can 
be assigned to polyenic domains in PEO [32]. According to molecular orbital theory 
[33], there are three possible electronic transitions for PEO: at 5.722 eV attributed 
to � → �

∗ from unsaturated bonds [21], at 4.574 eV attributed to n → �
∗ from car-

bonyl C–O bonds [34], and at 3.578 eV attributed to n → �
∗ from C–H bond.

The absorbance spectra of I2 in PEO illustrate four bands around 220, 290, 360, 
and 440 nm, which are assigned to the absorption of complex formation between 
PEO and I2, I− , I−

3
 , and I2 molecules, respectively [35, 36]. The absorption band 

between 440 and 500  nm represents the dissolving of I2 in PEO, identical to the 
spectra of I2 in alcohol and ethers [37]. The absorption shoulder typically appears at 

Fig. 4   Absorbance spectra for PEO: I2 composite solutions
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around 450 nm in thick PEO:I2 composite films, confirming that the iodine–iodide 
equilibrium is still present in PEO [38]. In conclusion, the dissolution of I2 in the 
PEO can be described as [39, 40]:

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to study the thermal stability of 
PEO:I2 complex composites at temperatures up to 400 °C (Fig. 5a). The weight loss 
(%) of PEO:I2 complex composites decreases slightly in the range of 40–200 °C, due 
to water adsorption, intermolecular/intramolecular bonding, and chemical stability. 
Figure  5b shows the FTIR spectra for pure PEO and PEO:I2 (5  wt%) at different 
annealing temperatures. It is clear that at 200 °C there are no bond breaks. Between 
200 and 300 °C, the weight loss (%) of pure PEO and PEO:I2 complex composites 
decreases again, which reflects the elimination of C–O stretch, C–H bend, and –CH2 
stretch for pure PEO, and C–O stretch, C–H bend and –CH2 stretch in addition to 
C-I stretch for PEO:I2 composites, as shown in Fig. 5b. The weight loss (%) of pure 
PEO and PEO: I2 complex composites decreases sharply above 300 °C, attributed to 
the breaking of all bonds in the composites, as shown in Fig. 5b.

The maximum weight loss rate determined by DTG was observed at 325  °C 
for PEO, with this maximum rate shifting to higher temperatures as the I2 content 
increases in PEO. This indicates that the PEO:I2 complex composite has higher 

(1)I2+2e
−
↔ I

−
+ I

−

(2)I
−
+ I2 ↔ I

−

3

(a) (b)

Fig. 5   a TGA and d(TGA) curves for PEO:I2 composite films for varying I2 concentration, b FTIR spec-
tra of pure PEO and PEO:I2 (5 wt%) films for varying annealing temperatures
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thermal stability compared to pure PEO. The increase in thermal stability of the 
PEO:I2 complex composite can be attributed to the difference in ionic radii in which 
I—ionic radii (1.33 Å) is lower than O—ionic radii (1.40 Å) [41]. Therefore, PEO: 
I2 complex composite films are expected to be stable at temperatures below 385 °C, 
where most optical, optoelectronic, and electrical applications can be achieved.

Optical and optoelectronic properties

The transmittance spectrum for PEO film increases to 93% as the wavelength 
increases from 250 to 400 nm and then reaches a plateau in the range of 400–700 nm 
(Fig. 6a). PEO:I2 complex composite films have lower transmittance than pure PEO 
film, albeit still having a high transmittance in the visible region, such as for PEO:I2 
films with 7 wt% I2 with an average of 86%. The influence of I2 content with respect 
to PEO on the transmittance is the nonlinear effect. Broad dips in the transmittance 
spectra of the PEO:I2 films in the range of 350–450 nm are attributed to the X to B 
band transfer of I2. The absorption edge is continuously shifted into the red region 
with increasing I2 concentration, indicating a continuous reduction in bandgap 
energy due to the excitation of valence band electrons to the conduction band of I2 
ions. The reflectance spectra (Fig. 6b) show the opposite curve progression with the 
transmittance spectra. The reflectance of PEO film decreases from 12.0 to 6.2% as 
the wavelength increases from 350 to 700 nm. Adding I2 to the PEO film increases 
reflectance values in the visible region.

The extinction coefficient (k) is related to the absorption coefficient according to the 
equation k = ��∕4� [42]. Figure 6c shows the k-spectra for PEO:I2 complex composite 

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 6   a Transmittance, b reflectance, c extinction coefficient, and d refractive index spectra of PEO:I2 
films for different I2 concentrations, e Transmittance spectra of PEO: I2 films for different I2 concentra-
tions; experimental (colored circles) and model calculated (solid red lines). f Band-gap energy ( E

g
 ) and 

Urbach energy of PEO:I2 films as a function of I2 concentrations (colour figure online)
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films. k-values decrease significantly below the absorption edge into the visible range, 
indicating that photons pass through the film in this range. As I2 content increases in 
the PEO films, the light energy loss also increases due to scattering and absorption 
[43]. The refractive index, n , for the PEO:I2 complex composite films was deduced 
from the following equation n = (1 + R∕1 − R) +

√

(

4R∕(1 − R)
2
)

− k2 (Fig.  6d) 
[42]. The n-values for a pure PEO film decrease from 2.00 to 1.66 as the incident pho-
ton wavelength increases from 250 to 700 nm. Furthermore, increasing the I2 concen-
tration in PEO films results in a concomitant increase in the refractive index, attributed 
to the iodine ions condensation into polyiodide clusters in the PEO films [44]. The 
wide drop in the refractive index spectra in the range of 250–350 nm for pure PEO film 
and 300–450 nm for PEO:I2 films can be attributed to the resonance effect between the 
incident photons and the electrons in the films [45].

A mathematical model developed by Al Bataineh et al. was used to investigate the 
bandgap energy ( Eg ) for PEO:I2 complex composite films according to the following 
relationship [21]:

where hc = 1239.84 eV nm , and A,B,C are fitting constants. Figure 6e shows the 
model fit of transmission values for pure PEO and PEO:I2 complex composite films. 
Figure 6f shows the bandgap energy variation obtained from this model. The band-
gap energy of pure PEO film is 4.42 eV. As I2 content increased in the PEO:I2 films 
the band-gap decreases to a minimum of 3.28 eV for 7 wt% of I2. The interaction 
between PEO and I2 is an oxidative interaction, which means that the radical cat-
ion in the PEO is formed with iodine anion and consequently forms polarons and 
decreases the bandgap energy [20].

Urbach energy, EU, describes the disorder degree in the films by an empirical rule 
based on the following equation � = �0exp

(

hv∕EU

)

 [46]. The EU values can be deter-
mined by plotting ln(�) as a function of hv . Figure 6f shows the Urbach energy varia-
tion for all PEO:I2 films as a function of I2 concentration. The Urbach energy for pure 
PEO film is 177.2 meV . This parameter increases with I2 content up to a maximum of 
225.3 meV for 7 wt% of I2. This trend indicates an increase in the disorder of the films 
in addition to the increase in organic–inorganic interaction [47].

To understand the influence of I2 doping on the optical and optoelectronic properties 
of the complex composite films, models developed by Wemple–DiDomenico (WDD) 
[48, 49], Sellmeier [50], and Spitzer-Fan [51] were applied using the following equa-
tions, respectively,

(3)
T(�) = e

−
4�d

�

A(hc∕�−Eg)
2

(hc∕�)2−B(hc∕�)+C

(4)
(

n
2
− 1

)−1
=

E0

Ed

−
hv

2

E0Ed

(5)n
2
− 1 =

S0�
2

0

1 − (�
2

0
∕�2)
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Table 1 shows essential optical and optoelectronic parameters for pure PEO and 
PEO:I2 complex composite films for different I2 concentrations. Effective single 
oscillator energy ( E0 ) and dispersive energy ( Ed ) (Eq. 1) is used for the design of 
dispersive and optical communication devices. Increasing I2 in PEO:I2 films leads 
to a decrease in E0 and conversely an increase in Ed , resulting from decreasing bind-
ing energy between the film elements [52]. Average oscillator wavelength ( �0 ) val-
ues increase from 197.13 to 198.53 nm, and oscillator length strength ( S0 ) values 
increase from 3.975 × 10

−5 to 4.359 × 10
−5 as I2 content increases in PEO to 7 wt%. 

Consequently, the increase in �0 and S0 is due to the decline in surface morphol-
ogy of films with introducing I2 in PEO films. The high-frequency dielectric con-
stant ( �∞ ) for PEO film is 3.410. This value increases to 3.949 for 7 wt% of I2 in 
PEO. This also increases the charge carriers concentration from 6.688 × 10

26 to 
7.029 × 10

26 atoms/m3 with the same increase in doping.

Conclusions

The doping mechanism for PEO:I2 was studied using FTIR spectroscopy, pH, 
electrical conductivity, UV–Vis absorbance spectroscopy, and TGA. The changes 
in peak position and linewidth of the absorption spectra are due to the incorpora-
tion of PEO and I2. In addition, introducing I2 into PEO leads to a shift of the peak 
at 535  cm–1, due to increased C–I stretching vibrations. Electrical conductivity 
increases concomitantly with increasing I2 doping in PEO films, while pH values 
decrease due to increasing solution acidity.

TGA with FTIR analysis at different annealing temperatures showed that the 
weight loss of pure PEO and PEO:I2 complex composites decreases slightly from 40 
to 200 °C, attributed to the adsorbed water, intermolecular/intramolecular bonding 
and chemical stability. In addition, between 200 and 300 °C, the weight loss of pure 
PEO and PEO:I2 complex composites also decreases, due to the elimination of C–O 
stretch, C–H bend, and –CH2 stretch for pure PEO, and C–O stretch, C–H bend and 
–CH2 stretch in addition to C-I stretch. Above 300 °C, the weight loss of pure PEO 
and PEO:I2 complex composites decreases sharply, attributed to bond breaking the 
film composites.

The transmittance of the PEO film decreases with increasing I2 content, while 
the optical band gap energy decreases from 4.42 to 3.28 eV as I2 content increases 
from 0 to 7 wt%. In addition, the refractive index for PEO film has values ranging 
between 1.66 and 2.00 as the wavelength decreases from 700 to 350, and the average 
values of the refractive index increase as the concentration of I2 is increased up to 
7 wt%.

The 1H NMR peak appearing at 1.038 ppm can be assigned to the mobile poly-
mer chains in the amorphous phase while the peak at 3.224 ppm is assigned to the 
more rigid molecules in the crystalline phase which was still in the rigid glassy form 

(6)n
2
= �

�

= �∞ −
1

4�2�0

(

e2

c2

)(

N
c

m∗

)
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at room temperature. By adding I2 to the PEO, both peaks (amorphous and crystal) 
were shifted to the lower NMR frequencies indicating that I2 is acting as a Lewis 
acid, and PEO is acting as Lewis bases and the formation of triiodide ( I−

3
 ), the iodite 

( IO−

2
 ) anion, I2 ⋅ ⋅ ⋅ PEO and I+

2
⋅ ⋅ ⋅ PEO complexes.
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