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The electrical characteristics of complex films composed of poly(ethylene oxide) (PEO) and urea as a function of 
the urea concentration were examined in this study. Moreover, their structural characteristics were also compared. 
Depending on the urea concentration, the structural phases were classified as PEO+β-phase composite, β-phase+α-
phase composites, or α-phase composite+urea. At urea concentrations below ~0.064 M, the β-phase was dominant in 
the complex film. Moreover, the conductance increased rapidly with an increase in the urea concentration. For urea 
concentrations ranging from ~0.064 to ~0.25 M, the β-phase was gradually substituted by the α-phase. As the film was 
composed entirely of the α-phase at urea concentrations greater than ~0.25 M, its conductance was decreased. In this 
study, the electrical characteristics observed for the different phases are analyzed and discussed.
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1. INTRODUCTION 

Inclusion Compounds (ICs) including PEO-urea complexes 
have extraordinary structures and each polymer chain is sur-
rounded by nano-channels that are composed of small mol-
ecules. The structures of ICs have been studied with much in-
terest, as the characteristics of each polymer chain exclude the 
interactions with other polymer chains and this differs from the 
characteristics of bundles of other ordinary polymers [1]. Studies 
of PEO-urea complexes have focused particularly on the extent 
of the unique structures of ICs [2-6]. PEO-urea complexes are 
known to form two different structural phases. One is the stable 
α-phase complexes with a urea/PEO ratio of 1.8 and the other 
is the metastable β-phase complexes with a urea/PEO ratio of 
1.0. Some parts of the β-phase complexes can be transformed 
into α-phase complexes by increasing the urea mole fraction or 
by heating. The β-α transition of PEO-urea complexes and their 
structural phase diagrams have been intensively studied [2,5-10]. 

While their fundamental chemical properties, structural phases, 
and stabilities have been widely reported, very little is known 
about the electrical I-V characteristics or conductivities of PEO-
urea complexes. In this study, the dependence of the electrical 
characteristics on the phase of PEO-urea complex films was 
investigated. The three different phases of the complex films 
were first examined and then, the electrical I-V characteristics 
obtained from the different phase composites were compared 
with the corresponding phases. Finally, the dependence of the 
electrical characteristics on the phase of complex films was ana-
lyzed and discussed.

2. EXPERIMENTS

Poly(ethylene oxide) (PEO, Mw = 900,000 g/mol) and urea 
(Sigma-Aldrich, U5378) were used without further purification. 
The chemical structures of the PEO and urea molecules are 
shown in the inset of Fig. 1. 0.1 g of PEO powder was mixed with 
various concentrations of urea (0~1 M) in 1 ml of D.I. water and 
then stirred for 2 h. For the FT-IR, XRD, and SEM measurements, 
the mixture solutions of PEO and urea were spin-coated on 
glass substrates at 800 rpm for 30 s, 2,000 rpm for 90 s, and 5,000 
rpm for 30 s, sequentially. In order to examine their electrical 

pISSN: 1229-7607                        eISSN: 2092-7592
DOI: http://dx.doi.org/10.4313/TEEM.2012.13.3.136



137Trans. Electr. Electron. Mater. 13(2) 136 (2012): M. Y. Cho et al.

characteristics, the PEO-urea complex films were formed on pat-
terned glass substrates with gold electrodes that were thermally 
deposited by using a finger pattern metal mask with a length of 
500 μm. The dc conductivities were obtained through four-probe 
measurements. The dimensions of the complex film present be-
tween the two adjacent electrodes of the four Au electrodes were 
about a length of 100 μm and width of 3 mm. All the measure-
ments were taken at room temperature.

3. RESULTS AND DISCUSSION 

Figure 1(a) shows the FT-IR spectra of the PEO-urea complex 
films with various concentrations of urea (0~1 M). First, the 
spectrum of the pure PEO film is characterized by examining the 
symmetric stretching vibrations of the CH2 groups of the PEO 
chains that were present at 2,857~2,888 cm-1. The PEO-urea com-
plex bands are identified by the CH2 groups at 2,908 cm-1 and 
the N-H stretching bands near 3,223, 3,340 and 3,450 cm-1. The 
N-H stretching bands are related to the hydrogen bonds in the 
molecular complex that was formed between the ether oxygen 
of PEO and the NH2 groups of urea [3], so that they appear in the 
α-phase or β-phase depending on the stoichiometric relation-
ship (more specifically, urea/PEO= 1.8 for the α-phase and 1.0 for 
the β-phase).

As shown in Fig. 1(a), the N-H stretching bands in the spec-
trum of the film with a urea concentration of 0.1 M were ob-
served at lower frequencies compared to those in the spectra 
of the film with urea concentrations of more than 0.2 M. This 
indicates that the complex with a urea concentration of 0.1 M 

consists mainly of the β-phase and that the other complexes with 
urea concentrations of more than 0.2 M consist mainly of the 
α-phase [9]. Therefore, the β-phase of the complex transforms 
into the α-phase with an increase in the urea concentration [4]: 
this transformation is hereafter, referred to as the β-α transition. 
Figure 1(b) shows the XRD patterns of the complex films with 
various concentrations of urea (0~1 M). The pure PEO film ex-
hibited the PEO characteristic peak that appears at a 2 θ angle 
of 23.2°. For urea concentrations higher than 0.2 M, the α-phase 
characteristic peaks of the complex films were assigned to the 
100, 200, 201, 210 and 300 planes of the α-phase [6], as shown in 
Fig. 1(b). Moreover, at a urea concentration of 1 M, a pure urea 
peak was also observed at 22.2°. Note that, for comparison, the 
distinct XRD peaks of the α-phase obtained from relatively high 
urea concentrations of 0.5 and 1 M are also added in Fig. 1(b). 
However, definite peaks of the β-phase were not observed in this 
XRD study, perhaps this is due to the relatively low crystallinity 
of the β-phase.

The SEM images of the PEO-urea complex films are exhibited 
in Fig. 2. In Fig. 2(a), both the α- and β-phases are present in a 
single complex film with a urea concentration of 0.2 M. The neg-
ative spherulites that are seen in Fig. 2(a) correspond to the PEO 
chains. The existence of the spherulites implies that some of the 
PEO chains escaped from the β-phase complex (urea/PEO=1.0) 
during the β-α transition [4]. Note that a higher urea ratio is re-
quired for the α-phase complex (urea/PEO=1.8). The enlarged 
SEM images of the α- and β-phase parts shown in Fig. 2(a) are 
presented in Figs. 2(b) and (c), respectively. A careful compari-
son of the SEM images reveals that the shape of the α-phase 

Fig. 2. SEM images of the PEO-urea complex films for urea concen-
trations of (a)-(c) 0.2 M and (d) 0.3 M. (b) and (c) are the enlarged 
SEM images of the α- and β-phase regions of (a).

Fig. 1. (a) FT-IR spectra and (b) XRD patterns of the PEO-urea com-
plex films with various concentrations of urea. The dots and arrows 
denote the α- and β-phases of the PEO-urea complex, respectively, 
and the asterisks (*) denote pure PEO or pure urea.
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consists of straight tree-shaped fractals, while the β-phase has 
the shape of curly random-networks. At urea concentrations that 
were higher than ~0.25 M, the β-phase is absent and the α-phase 
with tree-shaped fractals having thicker branches covers the 
glass substrate entirely. For relatively higher concentrations, the 
β-phase transforms into the α-phase, and all the bundles of the 
PEO chains with the shape of negative spherulites are used up to 
form the α-phase. Figure 2(d) demonstrates that the film with a 
urea concentration of 0.3 M consists only of the α-phase.

The current-voltage (I-V) characteristics of the PEO-urea 
complex films with various concentrations of urea are shown 
in Fig. 3(a). As the urea concentration varies from 0 to ~0.25 M, 
the current increases in magnitude. On the other hand, for urea 
concentrations of 0.3 M and 0.35 M, the current drops rapidly in 
magnitude. This takes place after the occurrence of the β-α phase 
transition. The change in the magnitude of the current at a bias 
voltage of 10 V as a function of the urea concentration is sum-
marized in a logarithmic scale in Fig. 3(b). The characteristics 
of the changes in the magnitude of the current can be classified 
as three different characteristics that correspond to the PEO+β-
phase, β-+α-phases, and α-phase+urea. For urea concentrations 
below ~0.06 M, the log-scaled magnitude of the current increases 
rapidly and this indicates the presence of the PEO+β-phase. In 
the β-+α-phases of the complex films with urea concentrations 
ranging from ~0.06 to ~0.25 M, the log-scaled magnitude of the 
current increases gradually. For urea concentrations that are 
higher than ~0.25 M, the decrease in the magnitude of the cur-
rent indicates the presence of the α-phase+urea. The inset of 

Fig. 3(b) shows the dc conductivity (σdc) of the complex films as 
a function of the mass fraction (p) of urea in a logarithmic scale. 
The σdc(p) of the PEO-urea complex films increased logarithmi-
cally and then, it was saturated as the mass fraction of urea in-
creased logarithmically. These characteristics are reflected by the 
percolation behaviors and σdc(p) follows the scaling law of the 
percolation theory. It is briefly expressed as σdc (p) ∞ |p - pc|

t [11]. 
The slope of the plot in the inset that corresponds to the critical 
exponent t, changes from 2.69 to ~0 and this implies a percola-
tion threshold at p ~ 0.16 (at a urea concentration of ~0.064 M). 
The percolation threshold indicates the beginning of the β-β tran-
sition of the PEO-urea complex.

4. SUMMARY

The structural and electrical characteristics of the PEO-urea 
complex films prepared in this study were investigated using 
various molar ratios. As the urea concentration increases, the 
complex films exhibit a metastable β-phase and stable α-phase 
sequentially. The conductance of the complex films increases 
rapidly and then, gradually with an increasing urea concentra-
tion. These electrical characteristics can be explained by the 
percolation behaviors of the films with the percolation threshold 
at p ~ 0.16 (at ~0.064 M). The percolation threshold indicates the 
beginning of the β-α transition.
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Fig. 3. (a) I-V characteristics and (b) log-log plot of I as a function of 
concentration of urea for the PEO-urea complex films. Inset: log-log 
plot of dc conductivity as a function of mass fraction (p).
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