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Abstract: Polymer electrolyte films of biodegradable poly(ε-caprolactone) (PCL) doped with 

LiSCN salt in different weight ratios were prepared using solution cast technique. The effect 

of crystallinity and interaction between lithium ions and carbonyl groups of PCL on the ionic 

conduction of PCL:LiSCN polymer electrolytes was characterized by X-ray diffraction 

(XRD), optical microscopy, Fourier transform infrared spectroscopy (FTIR) and AC 

impedance analysis. The XRD results revealed that the crystallinity of the PCL polymer 

matrix decreased with an increase in LiSCN salt concentration. The complexation of the salt 

with the polymer and the interaction of lithium ions with carbonyl groups of PCL were 

confirmed by FTIR. The ionic conductivity was found to increase with increasing salt 

concentration until 15 wt% and then to decrease with further increasing salt concentration. In 

addition, the ionic conductivity of the polymer electrolyte films followed an Arrhenius 

relation and the activation energy for conduction decreased with increasing LiSCN 

concentration up to 15 wt%. UV–vis absorption spectra were used to evaluate the optical 

energy band gaps of the materials. The optical energy band gap shifted to lower energies with 

increasing LiSCN salt concentration. 
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Introduction 
Ion-conducting solid polymer electrolytes have received considerable interest due to their 

technological significance and impact in the domain of solid-state ionic device applications 

[1, 2, 3, 4, 5, 6]. Solid polymer electrolytes (SPEs) are usually prepared by different 

chemical method such as solution casting and hot pressing. In these methods, metal salts 

and high molecular weight polymer host are dissolved in a common solvent. The metal salts 

with low charge density anion are easily dissolved in the host polymer due to its low lattice 

energy, making the polymer–salt complex formed easily for the preparation of solid 

polymer electrolytes. Hence, these metal salts are generally used as dopants in the 

preparation of SPEs. The ionic transport in these polymer electrolytes is associated with the 

metal salt dissolution and the coupling between the ions and segmental motions of the 
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polymer chains. The SPEs have several advantages over conventional liquid electrolytes, 

such as improved safety, enhanced capacity, leakage free, low cost, light weight, and easy 

fabrication [7, 8]. For most of the ionic device applications, it is desirable that the SPEs 

display an excellent ionic conductivity, dimensional stability, processibility, and flexibility 

under ambient conditions. 

Some investigations have been focused on several types of polymers as the host for the 

polymer-based electrolytes, such as poly (ethylene oxide; PEO), poly(vinylidence fluoride), 

poly(methyl methacrylate), poly(vinyl chloride) and poly(vinyl acetate), and poly (vinyl 

pyrrolidone) [9, 10, 11]. These polymers are not biodegradable and have several 

drawbacks, such as long biodegradable time, poor mechanical strength, and high sensitivity 

to moisture. Due to their long biodegradable time, they will create environmental problems 

such as global warming and large wastage. These drawbacks limit their usages in different 

applications. Consequently, it is a challenge to develop SPEs which are environment-

friendly and exhibit high ionic conductivity and good mechanical stability. As is well 

known [12, 13], poly(ε-caprolactone) (PCL) is a biodegradable polyester-based polymer 

with a melting point of approximately 60 °C and its glass transition temperature is around 

−60 °C. It is derived from crude oil and prepared by ring opening polymerization of ε-

caprolactone using a stannous octoate as catalyst. Due to its low glass transition 

temperature, the polymer chain exhibits segmental motion which can help ions transport 

from one complexation site to another. In addition, PCL possesses a carbonyl group which 

can easily coordinate cations, and thus its mechanical strength is quite high [14]. Hence, 

PCL may be chosen as a promising polymer host for preparation of polymer electrolytes 

[15, 16]. Lithium salts are widely used as a dopant in the polymer–salt complexed 

electrolytes due to its low lattice energy, cost, atomic mass, atomic radius, etc. It can be 

dissolved easily, producing ions for ionic conduction in polymer electrolytes. The lithium 

salt–complexed polymer electrolytes are developed by co-ordination interaction between 

ions and polymer structure. These complexed polymer electrolytes exhibit better chemical, 

thermal and electrical properties in comparison with other alkali metal salts–complexed 

polymer electrolytes. 

Some research work has been reported on utilizing biodegradable PCL as the polymer host 

for different complexed polymer electrolyte systems such as PCL–metal salts 

[17, 18, 19, 20]. These complexed polymer electrolytes have an environment-friendly 

nature, good flexibility and high thermal stability. The obtained maximum electrical 

conductivity values in different systems were 1.1 × 10−7 S cm−1 for the PCL–12 

wt%LiBF4 [17], 5.9 × 10−9 S cm−1 for the d-PCL(530)20 Mg(CF3SO3)2 at 24 °C [18], 

3.7 × 10−7 S cm−1 for the d-PCL(530)6.1Li+/Eu3+CF3SO3 at 20 °C [19], and 

4.01 × 10−6 S cm−1 for the d-PCL(530)0.5 LiCF3SO3 at 35 °C [20]. As seen, PCL–lithium 

salt complexed polymer electrolyte systems usually exhibit higher ionic conductivity values 

compared to other systems. It is widely recognized that the ionic conduction of solid 

polymer electrolytes depends upon the weight ratio of inorganic salt to polymer as well as 

the nature of the salt. This is due to the transfer efficiency of charge carriers and the 

complex formation between the ions and the polymer matrix. Hence, the crystallinity effect 

and polymer–ion interaction behavior also play a key role in increasing the ionic 

conductivity of polymer–lithium salt complexed polymer electrolytes. Until now, no 

research outcomes have been reported regarding the effect of crystallinity and interaction 

behavior on the ionic conduction of the PCL:lithium thiocyanate salt complexed polymer 

electrolytes, which was aimed to do in the present work. The lithium thiocyanate (LiSCN) 

is a good dopant because it is thermally stable, nontoxic and insensitive to ambient 
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moisture as compared to other lithium salts. Lithium can easily donates (loses) electrons to 

become a positive Li+ which has a small ionic radius (0.9 Å) and the presence of 

thiocyanate in the lithium salt is a good anion of choice. 

In this work, the LiSCN was used as the dopant salt to fabricate PCL-based polymer 

electrolyte films with the following research objective: To clarify the changes in the 

structural and electrical properties of biodegradable PCL polymer films with the addition of 

LiSCN salt using X-ray diffraction (XRD), optical microscopy, Fourier transform infrared 

spectroscopy (FTIR), and alternating current (AC) impedance spectroscopy. 

Experimental  

Materials 

The PCL with Mn = 80 kDa was purchased from Sigma Aldrich and used as received. Its 

molecular weight was 80,000. LiSCN was obtained from Sigma Aldrich and dried for 24 h 

at 45 °C in an oven and stored in desiccators prior to use. Chloroform with a purity of 99 % 

(Sigma Aldrich) was used as the common solvent for the preparation of complexed polymer 

electrolytes. 

Preparation of thin solid polymer electrolyte films 

Pure PCL and PCL:LiSCN complexed polymer electrolyte films with different LiSCN 

concentrations (5, 10, 15, and 20 wt%) were prepared using a standard solution casting 

technique. Initially, the PCL was added to chloroform in the required quantity by stirring 

magnetically at ambient temperature for complete dissolution. Pre-determined amounts (5, 

10, 15, and 20 wt%) of LiSCN salt were separately dissolved in chloroform and added to 

the PCL polymer solution under continuous stirring for 12 h. Finally, viscous solutions 

were poured into glass petri dishes, and thus, chloroform was allowed to evaporate slowly 

at room temperature to obtain free-standing polymer films at the bottom of dishes. The 

films were dried at room temperature for 6 h to remove any traces of the residual solvent in 

the polymer films. The obtained films were stored in the vacuum desiccators to avoid any 

environmental moisture absorption prior to subsequent characterization. The thickness of 

these films was determined by mechanical stylus method using German made 

“Perthometer” and was found to be approximately 130 μm with an accuracy of 

approximately ±5 μm. The film was self-standing and semi-transparent in nature as shown 

in Fig. 1. It had good flexibility and did not snap upon appreciable manual bending or 

stretching. 

https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig1
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Fig. 1 
Macroscopic morphology of the pure PCL polymer film 

Characterization 

Structural characterization of the polymer films involves XRD, optical microscopy (OM), 

and FTIR. To study the structural characteristics such as crystal structure, crystallite size, 

and crystallinity of polymer films, XRD analysis was carried out using a D/max Rigaku X-

ray diffractometer with Cu Kα radiation (λ = 1.5406 Å) at ambient temperature. Surface 

morphology and microscopic feature of the polymer films was examined using optical 

microscopy. The chemical composition of polymer host and its possible interaction with the 

dopant salt was studied by FTIR spectra using a Nicolet 380 spectrometer with an optical 

resolution of 2 cm−1. AC impedance spectroscopy is a well-established method to study the 

electrical properties of polymer films. In the present study, the impedance measurements 

were performed using a computer–controlled Solartron SI 1255 HF frequency analyzer 

along with Solartron 1296 dielectric interface. All the measurements were undertaken in the 

frequency and temperature range 0.1 Hz–1 MHZ and 303–333 K, respectively. In the 

measurements, the polymer films were cut into circular pieces and sandwiched between two 

stainless steel electrodes, which were placed inside the temperature-controlled furnace. 

Band structure of the polymer film was studied using optical absorption spectra by virtue of 

a Perkin Elmer Lambda 950 UV–vis–NIR spectrophotometer in the wavelength range of 

200–600 nm at room temperature. 

 

Results and discussion  

Structural analysis 

Figure 2 shows the XRD patterns of pure PCL, LiSCN salt, and PCL:LiSCN complexed 

polymer electrolyte films. The XRD pattern of LiSCN salt exhibits sharp peaks, indicating 

the crystalline nature of the lithium salt. The observed peaks are well matched with JCPDS 

card No. 38-0603. The XRD pattern of pure PCL exhibits three significant sharp crystalline 

peaks at 2θ = 21.4°, 22.0°, and 23.7° which are assigned to the (110), (111), and (200) 

orientation planes, respectively. Several low peaks are also observed at around 29.78°, 

36.02°, and 38.4 °. The sharp peaks are attributed to the crystalline phase of PCL, which 

originates from the ordering of polymer side chains due to the intermolecular interaction 

https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig2
https://static-content.springer.com/image/art:10.1007/s11581-015-1384-4/MediaObjects/11581_2015_1384_Fig1_HTML.gif
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between PCL chains through the hydrogen bonding. These crystalline peaks are overlapped 

on a broad hump between 15° and 25°, indicating amorphous contribution. These 

observations confirm that the PCL polymer system possesses a semi–crystalline nature and 

its crystal structure is orthorhombic [21]. 

 
Fig. 2 
XRD patterns of pure PCL, LiSCN salt, and PCL:LiSCN complexed polymer electrolytes  

The comparative study reveals that, when the LiSCN salt is incorporated into the polymer 

matrix, the intensities of all crystalline peaks decrease with an increase of LiSCN 

concentration up to 15 wt%, suggesting an increase in the amorphicity of the polymer 

electrolytes. This could be due to the disruption of the semi-crystalline structure of the 

polymer by salt dissolution. When the LiSCN salt dissolves in the polymer host, the 

interaction between the PCL matrix and LiSCN leads to a decrease in the intermolecular 

interaction among the polymer chains, thereby reducing the crystalline phase and hence 

increasing the amorphous region. The intensity of the peak at around 2θ = 21.4 for the 

80PCL:20LiSCN electrolyte is relatively higher than that for the 85PCL:15LiSCN 

electrolyte, showing the high degree of crystallinity in the 20 wt% LiSCN complexed 

polymer system. Furthermore, the crystalline peaks are slightly shifted and the intensity of 

the peak at 26.68° increases with increasing salt concentration, indicating the complex 

formation. These observations confirms that the polymer–salt (PCL–LiSCN) complexation 

and the suppression of crystallinity in the host PCL polymer. 

https://link.springer.com/article/10.1007/s11581-015-1384-4#CR21
https://static-content.springer.com/image/art:10.1007/s11581-015-1384-4/MediaObjects/11581_2015_1384_Fig2_HTML.gif
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The polymer film average crystallite size (L) is calculated from the full-width half-

maximum (FWHM) using the Scherrer’s formula 

L=cλ/Bcosθ 

(1) 

where c is the Scherrer constant (0.94), B is the FWHM (in radians) of the peak, λ is the X-

ray wavelength (1.5406 Å for Cu Kα radiation), and θ is the Bragg diffraction angle. 

Generally, the average crystallite size is found to be in the range of 22–26 nm as depicted in 

Table 1, showing nano crystalline grains embedded in the amorphous matrix. 

Table 1 
Degree of crystallinity (Xc) and crystallite size in PCL:LiSCN polymer electrolytes 

Sample Xc (%) Crystallite size (nm) 

Pure PCL 42.42 24.78 

PCL:LiSCN (95:05) 37.43 25.92 

PCL:LiSCN (90:10) 28.37 24.02 

PCL:LiSCN (85:15) 26.28 23.17 

PCL:LiSCN (80:20) 33.58 23.75 

 

In order to separate the sharp crystalline peaks from the continuous amorphous spectrum, 

all polymer electrolyte XRD patterns are deconvoluted using peak separation software 

(Origin Pro 8). Baseline correction has been made prior to fitting multi peaks using 

Gaussian distribution. Figure 3 illustrates a deconvoluted XRD pattern of PCL:LiSCN 

(95:05) complex. The sharp and narrow peaks indicate the crystalline phase while the broad 

peak indicates the amorphous phase. Clearly, the combined fitting is in good consistent 

with the measured one. The area under the deconvoluted peaks is used to calculate the 

degree of crystallinity (Xc) in the polymer films by [22] 

 

Xc=Ac/AT×100 

(2) 

where Ac is the area under the three crystalline peaks and AT is the total area under all the 

peaks including both the crystalline and amorphous peaks. The calculated average 

crystallite size and Xc values are listed in Table 1. The Xc value of pure PCL is ~42.42 %, 

which is slightly lower as compared to the differential scanning calorimetry result 

(~46.9 %) obtained by Khatiwala et al. [23]. This difference could be due to the absence of 

re-crystallization effect in the XRD patterns [24]. The Xc value decreases gradually with 

increasing salt concentration until 15 wt% and then increases with further increasing salt 

concentration, achieving a minimum value of approximately 26.28 %. The reduction in the 

degree of crystallinity can be ascribed to the inhibition of crystallization by the dissolved 

ions. The polymeric chain in amorphous phase is more flexible, which results in the 

enhancement of segmental motion in the polymer. When the LiSCN salt concentration 

exceeds 15 wt%, both the intensity of crystalline peaks (Fig. 1e) and the Xc value increases. 

This may be attributed to the reorganization of the polymer matrix. 

https://link.springer.com/article/10.1007/s11581-015-1384-4#Tab1
https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig3
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR22
https://link.springer.com/article/10.1007/s11581-015-1384-4#Tab1
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR23
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR24
https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig1
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Fig. 3 
Deconvoluted XRD patterns of the PCL:LiSCN (95:05) polymer electrolyte film 

Surface analysis 

OM was used to understand the crystalline behavior and their related surface morphology 

of the polymer films. Figure 4 shows the optical micrographs of pure PCL film and 

PCL:LiSCN complexes with different LiSCN concentrations. Typical spherulitic texture 

along with dark boundaries can be seen in the pure PCL film, demonstrating its semi-

crystalline nature. This type of surface morphology was also observed for other semi-

crystalline polymers, such as (PEO)6:NaPO3 and PEO:Mg(CF3SO3)2 polymer electrolytes 

[25, 26]. The spherulitic texture in the polymer film shows its lamellar crystalline nature 

and the dark boundaries indicate the amorphous content in the polymer (Fig. 4a). The 

lamellar was developed through regular polymer chains folding, leading to a long range 

order. The lamella radiate out from a central nucleating point. The amorphous phase 

occupies the regions between the lamella so that the spherulites are embedded in the 

amorphous matrix. These inter and intra spherulitic amorphous regions may or may not be 

of the same composition and exhibit distinct physical properties [27]. With the addition of 

LiSCN salt in the PCL polymer matrix, there are significant surface morphology changes 

(see Fig. 4b, c). It is seen that the dark boundary regions increase with increasing LiSCN 

content up to 15 wt%, indicating an increase in the amorphous content in the polymer-salt 

complexes. In addition, the surface of spherulites becomes smoother with increasing salt 

concentration, showing an increase in intra-spherulitic amorphous phase. This reduction in 

crystallinity has also been confirmed above by the XRD results. When the salt 

concentration exceeds 15 wt%, the dark boundary regions are reduced along with the 

increment in lamellae texture. This is due to the reorganization of the polymer matrix (see 

Fig. 4d). 

https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig4
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR25
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR26
https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig4
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR27
https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig4
https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig4
https://static-content.springer.com/image/art:10.1007/s11581-015-1384-4/MediaObjects/11581_2015_1384_Fig3_HTML.gif
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Fig. 4 
Optical micrographs of pure PCL and PCL:LiSCN complexed polymer electrolyte films 

with different LiSCN contents: a pure PCL, b 5 wt% LiSCN, c 15 wt% LiSCN, 

and d20 wt% LiSCN 

Complexation and interaction analysis 

FTIR spectroscopy has been widely recognized as a powerful tool to identify the detailed 

molecular structures of polymer and their interaction with dopant salts [28, 29]. 

Figure 5shows the FTIR spectra of pure PCL, LiSCN and PCL:LiSCN complexes of 

various compositions in the wave number range of 650–2,200 cm−1. From the FTIR spectra, 

the vibrational bands are identified and their assignments are presented in Table 2 [21, 30]. 

The characteristic vibrational bands of LiSCN salt at 1,630, 1,401, and 937 cm−1 disappear 

in the spectra of complexed polymer films. This could be due to the disruption of the initial 

order of pure PCL polymer structure by the salt [31]. 

https://link.springer.com/article/10.1007/s11581-015-1384-4#CR28
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR29
https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig5
https://link.springer.com/article/10.1007/s11581-015-1384-4#Tab2
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR21
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR30
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR31
https://static-content.springer.com/image/art:10.1007/s11581-015-1384-4/MediaObjects/11581_2015_1384_Fig4_HTML.gif
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Fig. 5 
FTIR spectra of pure PCL, LiSCN salt, and PCL:LiSCN complexed polymer electrolytes  
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Table 2 
Characteristic infrared bands of pure PCL, LiSCN, and PCL:LiSCN (85:15) 

Band assignment Band position (wavenumber, cm−1) 

Pure PCL PCL:LiSCN 

(85:15) 

LiSCN 

Asymmetric C–N   2,070 2070 

C=O stretching amorphous 

phase 

1,735 –   

C=O stretching crystalline 

phase 

1,719 1,719   

Li + bonded C=O stretching – 1,669   

Asymmetric C≡N stretching – – 1,630 

C–H scissoring deformation 1,468 1,470   

C–H symmetric 

deformation 

1,366 1,364   

C–O and C–C stretching in 

crystalline phase 

1,294 1,293   

Asymmetric C–O–C 

stretching 

1,240 1,238   

– 1,206   

O–C–O stretching 1,188 1,185   

C–O and C–C stretching in 

amorphous Phase 

1,158 1,155   

C–O stretching 1,106 1,105   

C–C stretching 1,044 1,045   

Symmetric SCN bending – – 937 

C–O–C symmetric 

stretching 

960 958   

SCN_bonded C–O–C 

stretching 

– 949   

CH2 rocking 730 730   
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As can be seen in Fig. 5, some vibrational bands of pure PCL (1,366, 1,240, 1,188, and 

960 cm−1) are shifted to lower wave numbers in the PCL:LiSCN complexes and the 

intensities of most of the vibrational bands for PCL decrease with increasing LiSCN 

concentration. Moreover, some new vibrational bands (2,070, 1,699, 1,206, and 949 cm−1) 

emerge and some other vibrational bands (1,735 cm−1) vanish in the complexed polymer 

electrolytes, indicating the formation of polymer–salt complexes. 

The carbonyl group (C=O) in the PCL polymer structure is very sensitive to the 

complexation with Li+ and SCN− ions. Hence, it can be used to probe interaction of salt 

with the polymer matrix. Since Li+ is an electrophile, it always attracts electron-rich atom 

to interact. In the PCL structure, the oxygen atoms of carbonyl groups (−δC=Oδ+) have a 

strong electron donor nature, thereby making their interaction with Li+ ions. Fourier 

infrared spectrum is an effective tool to monitor such an ionic interaction of complexed 

polymer films. In this study, carbonyl stretching regions of FTIR patterns are used to 

identify the interaction between Li+ and C=O in PCL:LiSCN complexes. The room-

temperature FTIR spectra of pure PCL and PCL:LiSCN complexes are showed in Fig. 6, 

which indicate pronounced carbonyl stretching regions between 1,780 to 1,680 cm−1. When 

LiSCN is increased in concentration, the free carbonyl band at 1,719 cm−1 broadens 

gradually, and a new band appears as a shoulder at 1,699 cm−1 which indicates the 

coordination between the Li+ and oxygen atom on the C=O group of the PCL [32]. The 

relative intensity of this new band increases with the increase in LiSCN salt content. This is 

because that the “Li+ bonded” C=O groups of the polymer electrolyte increase in 

conjunction with a decrease in “free” C=O groups. 

 

 

https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig5
https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig6
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR32
https://static-content.springer.com/image/art:10.1007/s11581-015-1384-4/MediaObjects/11581_2015_1384_Fig6_HTML.gif
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Fig. 6 
The C=O stretching of PCL:LiSCN complexes in different weight ratios 

Similarly, SCN− ion is a nucleophile which easily interacts with electron deficient atom 

(−δC=Oδ+), i.e., only one electron deficient atom in the PCL polymer is a carbonyl carbon, 

which makes a possible interaction with the carbonyl carbon of the PCL polymer chain. On 

the basis of the aforementioned analysis, the Li+ and SCN− ions are believed to interact 

with the PCL matrix as proposed in Fig. 7. 

 
Fig. 7 
Structural interaction of poly(ε-caprolactone) and salt (LiSCN) 

The FTIR spectrum for pure PCL shows a free carbonyl stretching band at 1,735 cm−1 and a 

prominent band at 1,719 cm−1 (see Fig. 6a). These bands correspond to the amorphous and 

crystalline conformation of PCL [21]. It is found that the crystalline band of pure PCL 

becomes broadening with increasing LiSCN content. This is due to the partial decay of the 

crystalline nature of PCL with the addition of salt. The band broadening in the 

FTIR/RAMAN spectra is an indication of increase in the amorphous nature of the host 

polymer [33]. It is well known that when the LiSCN salt is added to the PCL polymer, it 

introduces ions (Li+ and SCN−) to the polymer matrix, thereby improving the amorphous 

nature of the host polymer due to the polymer–salt interaction. The PCL polymer semi-

crystalline nature and its amorphosity increase with the addition of salt have also been 

confirmed in XRD and OM analyses. 

As is well known, the free Li+ ions have more mobility than the free SCN− ions due to their 

small radius. The interaction of carbonyl oxygen with Li+ ions might assist the cations to 

transport through the polymer chains. In the PCL:LiSCN complexed polymer electrolyte 

systems, the Li+ ion transport may take place through the carbonyl oxygen centers of PCL 

by inter and intra chain ion hopping in the process of segmental mobility. At the lower 

LiSCN concentration, the interaction between Li+ ion and carbonyl oxygen atom is weak 

due to more available carbonyl (C=O) vacancy sites for the Li+ ions to move in the polymer 

structure, i.e., the Li+ ionic mobility is high. When the LiSCN concentration increases, the 

interaction between Li+ ions and oxygen atoms in C=O groups of PCL becomes stronger 

and may get saturated at 15 % LiSCN. This may be the optimum environment for the 

Li+ ion transport in the PCL matrix. The highest amorphocity is also observed for the 

15 wt% LiSCN complexed polymer film in the XRD and OM analyses. As the salt 

concentration exceeds 15 %, the Li+ ion mobility decreases due to the strong interaction 

with C=O groups and the reduction in the number of free Li+ ions. This means that there 

could be a large number of ion pairs (Li+–SCN−) and ion triplets (Li+–SCN−–Li+) in the 

polymer matrix. These ion pairs and ion triplets hinder the ion transport and block the 

segmental motion of the polymer chins. Consequently, the overall conductivity may be 

decreased. Further details of ion conduction in the PCL:LiSCN polymer systems were 

studied by AC impedance analysis. 

https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig7
https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig6
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR21
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR33
https://static-content.springer.com/image/art:10.1007/s11581-015-1384-4/MediaObjects/11581_2015_1384_Fig7_HTML.gif
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Recently, Woo et al. [34] prepared the PCL based proton conducting polymer electrolyte 

films and studied their structural and electrical properties by virtue of XRD, FTIR, DSC, 

and impedance spectroscopy. The XRD results reveal that the pure PCL possesses the semi-

crystalline structure and its degree of crystallinity decreases with increasing NH4SCN salt 

content. It is obtained that the degree of crystallinity of pure PCL and 74PCL:26NH4SCN 

are 40.06 and 37.06, respectively. From the FTIR results, the complexation of salt with 

polymer is confirmed. Obviously, the present results are well consistent with theirs. 

Ionic conduction analysis 

AC impedance spectroscopy has been widely used to investigate ionic conductivity of solid 

polymer electrolytes films. Figure 8 shows the Nyquist impedance plots of the 10 wt% 

LiSCN complexed PCL polymer electrolyte at different temperatures. Clearly, on each plot, 

there is a depressed semicircular arc in the high frequency range, which may be attributed 

to the combined behavior of mobile ions and polymer matrix. This is equivalent to a 

parallel combination of bulk resistance and bulk capacitance. In addition, an inclined 

straight line exists in the low frequency range which represents the blocking double layer 

capacitance (Cdl) near the electrode-electrolyte interface formed by the ion migration. In the 

present polymer samples, the ion transport seems to be taking place through the sites of 

unequal potential wells since the semicircle is depressed [35]. Furthermore, the roughness 

of the electrode–electrolyte interface leads to inclination of the straight line at an acute 

angle to the real axis [36]. The diameter of the depressed semicircle shrinks with rising 

temperature, indicating an activated conduction mechanism. 

 
Fig. 8 
Nyquist impedance plots of the PCL:LiSCN (90:10) polymer electrolyte film at different 

temperatures with an equivalent circuit as the inset 

The magnitude of blocking double-layer capacitance (Cdl) will be obtained from any 

position on the straight line portion using the equation: ZW = 1/(2πfCdl), where ZW is the 

impedance corresponding to the position and f is the frequency. At room temperature, the 

value of the capacitance at the electrode–electrolyte interface is obtained as ~1 μF at 1 Hz, 

it can be attributed to the electrode polarization. The impedance plots of the present 

https://link.springer.com/article/10.1007/s11581-015-1384-4#CR34
https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig8
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR35
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR36
https://static-content.springer.com/image/art:10.1007/s11581-015-1384-4/MediaObjects/11581_2015_1384_Fig8_HTML.gif
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samples are modeled by the equivalent circuit as shown in the inset of Fig. 8. In this 

equivalent circuit, Rb is the bulk resistance of the samples and CPE (constant phase 

element) is the non-ideal capacitor, which accounts for the depressed semicircle and non-

ideal electrode geometry. Cdl, represents the capacitive coupling across the electrode–

electrolyte interface. Figure 9 shows the room temperature Nyquist impedance plots of 

PCL:LiSCN salt complexes with various concentrations of LiSCN. The bulk resistance 

decreases with increasing LiSCN concentration up to 15 %wt and then increases with 

further increasing LiSCN concentration. The bulk resistance (Rb) of the complexes is 

obtained from the intercept of the semicircle on the real axis and used to evaluate the 

electrical conductivity (σ) by 

σ=l/RbA 

(3) 

where l is the thickness of the polymer electrolyte film, A is the electrode area, and Rb is the 

bulk resistance. 

 
Fig. 9 
Nyquist impedance plots for the PCL:LiSCN polymer electrolyte films with different 

LiSCN contents at 303 K 

The salt concentration dependences of room-temperature conductivity are shown in Fig. 10. 

The electrical conductivity increases with increasing LiSCN content until 15 wt% and then 

decreases with further increasing LiSCN content. The maximum electrical conductivity is 

up to 0.104 × 10−5 S cm−1 at room temperature. 

https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig8
https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig9
https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig10
https://static-content.springer.com/image/art:10.1007/s11581-015-1384-4/MediaObjects/11581_2015_1384_Fig9_HTML.gif


15 
 

 
Fig. 10 
Variation of ionic conductivity with LiSCN salt concentration at room temperature for the 

PCL:LiSCN polymer electrolyte films 

The improvement in the electrical conductivity can be obtained by enhancing the number of 

charge carriers (ni) and the mobility of charge carriers (μi) as the electrical conductivity is 

directly proportional to them according to the equation σ = niqiμi. At the lower 

concentration of additives, the number of charge carriers predominantly influences the ionic 

conductivity, while the mobility of ions and the ionic conduction pathways dramatically 

affect the ionic conductivity beyond the optimum level. The salt concentration dependent 

electrical conductivity in the present study confirms the specific interaction of the salt with 

the polymer host and the influence on its relative crystallinity. The conductivity increase 

with rising LiSCN content may be ascribed to the increase in the number of mobile charge 

carriers as well as in the amorphous nature of the polymer electrolyte [37], which is due to 

the electrostatic coordination interaction of Li+ ions with the carbonyl oxygen atoms of 

PCL. The interaction between Li+ ions and carbonyl oxygens of PCL has also been 

confirmed by the FTIR, and the suppression of crystallinity by XRD and OM. The highest 

possible ionic conductivity can be achieved when the interaction among Li+, SCN−, LiSCN 

salt, and polymer structure is balanced because this produces an optimal environment for 

ionic transport. 

The fall of conductivity beyond 15 wt% LiSCN may be due to three interrelated facts: (a) 

the high salt concentration acts as a reticulate agent that leads to an increase in the 

macromolecular rigidity in the amorphous phase of the polymeric matrix, (b) the formation 

of ion pairs due to a rapid increase in the number of charge carriers as a function of salt 

concentration, and (c) the development of a crystalline phase by the salt–polymer complex 

[38]. 

Figure 11 shows the temperature dependences of ionic conductivity for different 

PCL:LiSCN polymer electrolyte films. It is evident that ln (σ) increases linearly with 

increasing reciprocal temperature. This means that the conductivity follows an Arrhenius 

https://link.springer.com/article/10.1007/s11581-015-1384-4#CR37
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR38
https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig11
https://static-content.springer.com/image/art:10.1007/s11581-015-1384-4/MediaObjects/11581_2015_1384_Fig10_HTML.gif
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equation σ = σ0 exp(−Ea/kT), where Ea is the activation energy for conduction, σ0 is the pre-

exponential constant, k is the Boltzmann constant and T is the absolute temperature. The 

linear fitting results, as shown in Table 3, indicate that the activation energy for ionic 

conduction decreases with increasing LiSCN content up to 15 wt%. The conductivity 

increases with increasing temperature and this could be caused by the reduced viscosity and 

the enhanced chain flexibility [39]. This can be explained on the basis of the free volume 

model [40] and the hopping of charge carriers between localized sites [41]. Polymer chain 

flexibility is raised with temperature, thereby producing more free volume and making the 

polymer segments more mobile. The segmental motion either motivates the ions to hop 

from one site to another or facilitates a pathway for ions to move, thereby resulting in an 

increase in conductivity. The amorphous phase also leads to the formation of a larger free 

volume in the polymer matrix with the increase of temperature. At lower temperatures, the 

dominant crystalline phases make the polymer chains rigid, and thus the ion mobility and 

the overall conductivity are low. However, at higher temperatures, the amorphous region 

increases progressively where the polymer chains obtain faster internal modes in which 

bond rotations produce segmental motion. This can promote the inter- and intra-chain ion 

hopping movements and thus the conductivity of the polymer electrolyte becomes more 

pronounced. The variation of activation energy with LiSCN content also indicates the 

improvement in the amorphous nature of the polymer samples with the addition of salt. It 

was reported [42] that the low activation energy of ion transportation was due to the high 

amorphous nature of the polymer electrolytes. It should be noted that a polymer electrolyte 

with a low value of activation energy and a high value of ionic conductivity is desirable for 

practical applications. 

 
Fig. 11 
Natural logarithm of ionic conductivity (lnσ) versus reciprocal temperature (1/T) for 

PCL:LiSCN polymer electrolyte films 

 

 

 

 

https://link.springer.com/article/10.1007/s11581-015-1384-4#Tab3
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR39
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR40
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR41
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR42
https://static-content.springer.com/image/art:10.1007/s11581-015-1384-4/MediaObjects/11581_2015_1384_Fig11_HTML.gif
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Table 3 
Activation energy (Ea) and pre-exponential constant (σ0) in the Arrhenius equation as well 

as R-square value and optical energy band gaps (both direct and indirect) 

Sample Ea (eV) σ0 (S cm−1) R-square 

value 

Band gap (eV) 

Direct Indirect 

PCL:LiSCN 

(95:05) 

0.88 3.79 × 106 0.999 4.99 4.88 

PCL:LiSCN 

(90:10) 

0.69 5.22 × 104 0.988 4.94 4.85 

PCL:LiSCN 

(85:15) 

0.46 4.71 × 101 0.989 4.89 4.77 

Optical studies 

The study of an optical absorption spectrum gives detailed information about the band 

structure of the materials. In the absorption process an electron is excited from a lower to 

higher energy state, by absorbing a photon of known energy in the transmitting radiation. 

The changes in the transmitted radiation can decide the types of possible electron 

transitions. The absorption coefficient α may be calculated from the absorbance by 

I=I0exp(−αt) 

(4) 

Hence  

(5) 

Where I0 and I are the intensities of incident and transmitted radiation, respectively, l is the 

thickness of the film and B corresponds to log(I0/I). 

Generally, in insulators/semiconductors, the electronic transition between the valence and 

the conduction bands can be direct or indirect. In the direct band gap materials, both the top 

of the valence band and the bottom of the conduction band are located at the same zero 

crystal momentum (wave vector). If the bottom of the conduction band does not correspond 

to the zero crystal momentum, it is called indirect band gap semiconductor. In both cases it 

can be allowed as permitted by the transition probability (r) or forbidden where no such 

probability exists. The transitions probability r and absorption coefficient α for amorphous 

materials are related to the energy of the incident photon as follows [43, 44]. 

 

 

where C is a constant equal to C = 4πσ0/μcΔE, where σ0 is the dc conductivity, ΔE is the 

measure of the extent of band tailing, μ is the refractive index, hυ is the photon 

energy, Eg is the optical energy band gap, and r is the exponent which can take values of 1, 

2, 3, 1/2, and 3/2 depending on the nature of the electron transitions, direct or indirect and 

allowed or forbidden, responsible for the optical absorption. 

https://link.springer.com/article/10.1007/s11581-015-1384-4#CR43
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR44
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For direct and indirect electron transitions the exponent r takes values 1/2 and 2, 

respectively. When the direct and indirect band gap exists, the absorption coefficient has 

the following dependence on the energy of the incident photon. 
 

 

 

where Egd is the direct band gap, Egi is the indirect band gap, and C1 and C2 are constants. 

Figures 12 and 13 show the (αhυ)2 and (αhυ)1/2 versus photon energy (hυ) for different 

PCL:LiSCN complexed polymer electrolyte films. The direct and indirect band gap values 

may be obtained by extrapolating the linear portions of (αhυ)2 and (αhυ)1/2 versus photon 

energy (hυ) to zero absorption value. The evaluated band gap values are listed in Table 3. It 

is clear from Table 3 that the direct and indirect energy band gap values decreases with 

increasing LiSCN salt content. LiSCN salt concentration increases the disorderness of the 

polymer structure which results in an increase in the optical band gap value. The observed 

results are in agreement with those obtained from XRD, OM, and conductivity studies in 

the present work. Furthermore, the decreasing trend of energy band gap with salt 

concentration is similar to that of activation energy obtained from conductivity studies. The 

activation energies obtained from conductivity data are small in comparison with the 

optical band gap energies. This is due to the fact that the nature of these energies is 

different. The activation energy corresponds to the energy required for conduction of ions 

from one site to another, where as the optical band gap corresponds to inter-band transition 

of electrons [45]. 

 

 
Fig. 12 
(αhυ)2 versus hυ plots of PCL:LiSCN complex polymer electrolyte films 

https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig12
https://link.springer.com/article/10.1007/s11581-015-1384-4#Fig13
https://link.springer.com/article/10.1007/s11581-015-1384-4#Tab3
https://link.springer.com/article/10.1007/s11581-015-1384-4#Tab3
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR45
https://static-content.springer.com/image/art:10.1007/s11581-015-1384-4/MediaObjects/11581_2015_1384_Fig12_HTML.gif
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Fig. 13 
(αhυ)1/2 versus hυ plots of PCL:LiSCN complex polymer electrolyte films 

So far, there have been quite a few studies concerning the electrical conductivity of PCL–

metal salt complex polymer electrolytes. Polo Fonseca et al. [17, 46, 47] prepared different 

PCL−LiX (X = BF4, ClO4, and CF3SO3) complexed polymer electrolyte films with different 

salt concentrations (2, 6, 10, and 12 wt%) by solution cast technique and studied their 

electrical properties. Their findings showed that the optimum salt concentration for ionic 

conduction were 12 wt% LiBF4, 10 wt% LiClO4 and 12wt%LiCF3SO3, respectively. The 

obtained maximum ionic conductivity value was 1.1 × 10−7 S cm−1 for the PCL–12 wt% 

LiBF4, 1.26 × 10−6 S cm−1 for the PCL–10 wt% LiClO4, and 3.6 × 10−5 S cm−1 for the PCL–

10 wt% LiCF3SO3. 

Nuves et al. [48] fabricated a new family of ionic conducting polymer electrolytes based on 

a PCL/siloxane biohybride network doped with lithium triflate (LiCF3SO3) in different 

concentrations by sol–gel method and studied their structure, morphology, thermal and 

electrical properties. The d-PCL(530)0.5 LiCF3SO3 sample showed a maximum electrical 

conductivity of 1.6 × 10−6 S cm−1 at 25 °C . Similarly, some other researchers also prepared 

the PCL/siloxane biohybride network doped with different metal salts in order to improve 

the performance of electrolytes. The obtained maximum electrical conductivity values in 

different systems were 9.64 × 10−6 S cm−1 for the d-PCL(530)4.4 LiClO4 at 25 °C [49] and 

1 × 10−6 S cm−1for the d-PCL(530)4 KCF3SO3 at 35 °C [50]. 

Proton conducting polymer electrolytes based on poly (ε-caprolacone) and complexed with 

ammonium thiocyanate (NH4SCN) were prepared, and their morphology and electrical 

properties were studied by Woo et al. [51]. At room temperature, the maximum electrical 

conductivity of 4.6 × 10−8 S cm−1 was obtained for the 74PCL:26NH4SCN system. The 

PEO/PCL:LiCLO4 complexed blend polymer electrolytes were prepared by Chiu et al. [52] 

https://link.springer.com/article/10.1007/s11581-015-1384-4#CR17
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR46
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR47
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR48
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR49
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR50
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR51
https://link.springer.com/article/10.1007/s11581-015-1384-4#CR52
https://static-content.springer.com/image/art:10.1007/s11581-015-1384-4/MediaObjects/11581_2015_1384_Fig13_HTML.gif
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and they reported the maximum room-temperature ionic conductivity of 

6.3 × 10−7 S cm−1 for the 60PEO:15PCL:25LiClO4 electrolyte. Based on the above, it may 

be stated that the maximum ionic conductivity value at room temperature 

(0.104 × 10−5 S cm−1) acquired in the present work is well comparable with those available 

in the literature. It is worth mentioning that the electrical conductivity could be higher 

because the effective electrode area could be smaller than the apparent electrode area 

employed in the calculation as the sample-electrode contact is usually not 100 %. In the 

future research, it may be possible to increase this ionic conductivity value up to 

~10−3 S cm−1 by the addition of plasticizers (ethylene carbonate, propylene carbonate, etc.), 

ionic liquids (1-butyl-3-methylimidazolium hexafluorophosphate (BMIM-PF6), 1-butyl-3-

methylimidazolium tetrafluoroborate (BMIM-BF4), 1-ethyl-3-methylimidazolium 

trifluoromethanesulfonate (EMITf), etc.) and nanofillers (TiO2, Al2O3, ZnO, etc.) in the 

15 % LiSCN-complexed polymer electrolyte system. This magnitude of conductivity will 

be quite enough for practical ionic device applications [53, 54]. 

Conclusions  

The effect of crystallinity and interaction behavior on the ionic conduction in the 

biodegradable PCL:LiSCN complexed polymer electrolyte films has been investigated 

using XRD, OM, FTIR, and AC impedance measurements. The pure PCL possesses a semi-

crystalline nature and its crystallinity decreases with the addition of LiSCN salt up to 

15 wt%, which may be related to the coordination interaction of ions (Li+ and SCN−) with 

the PCL polymer matrix. The value of ionic conductivity increases with an increase in salt 

concentration until 15 wt% but decreases with further salt addition. The 15 wt% LiSCN-

doped polymer electrolyte exhibits the highest ionic conductivity in value of 

0.104 × 10−5 S cm−1 at ambient temperature. This may be attributed to the increase in the 

number density of charge carriers and the decrease in the crystallinity of host polymer. The 

decrease in ionic conductivity when exceeding 15 wt% LiSCN salt can be ascribed to the 

reduction in the mobility of Li+ ions and the reorganization of the polymer chains. The 

temperature-dependent ionic conductivity of the prepared PCL:LiSCN complexes shows an 

Arrhenius relation and the obtained activation energy for conduction decreases with an 

increase in LiSCN content up to 15 wt%. Optical energy band gaps (both direct and 

indirect) show a decreasing trend with increasing LiSCN salt concentration. 
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