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Temperature and Salt-Dependent Dielectric Properties of Blend 
Solid Polymer Electrolyte Complexed with LiBOB

Abstract: In the present paper, the temperature and salt-dependent dielectric prop-erties of poly(ethylene oxide) (PEO) and  poly(vinyl pyrrolidone) (PVP) blend matrixcomplexed with LiBOB are investigated in the frequency range 1 Hz to 1 MHz andtemperature range 40 oC to 100 oC (@10 oC). The real and imaginary part of the com-plex permittivity, complex conductivity have been simulated in the whole frequencywindow and the various fitted parameters were evaluated respectively. The estimatedvalue of the dielectric constant and the ac conductivity increases with the increaseof temperature. The lowering of relaxation time and hopping length is observed withthe salt addition that is in correlation with the complex conductivity results. The modulus formalism was used to analyze the recordeddielectric data. The dc conductivity, hopping frequency, and segmental motion are strongly coupled with each other as evidenced by theDebye-Stoke-Einstein (DSE) plot. An interaction mechanism has also been proposed to explore the effect of temperature on the hoppinglength, relaxation time, hopping potential barrier and the segmental motion of the polymer chain. 
Keywords: blend solid polymer electrolyte, complex permittivity, relaxation time, ion transport mechanism.
1. IntroductionDue to increasing demand of energy and depletion of the tradi-tional energy resources such as coal, fossil fuels etc; it becomescrucial to develop alternate/renewable resources of energy suchas solar energy, wind energy, and ocean energy. The most promis-ing energy storage system is the Li-ion battery (LIB) due to vari-ous advantages associated, such as high energy density, bettercyclic stability and is mostly fulfilling the need of energy sourcein portable electronics.1-4 A typical battery comprises of threecomponents cathode, anode, and electrolyte. The electrolyte issandwiched between the electrodes and it permits the shuttlingof ions in-between electrodes. Therefore, the electrolyte mustbe compatible with both electrodes for the operation of the bat-tery. Polymer electrolytes are attractive candidates due to asso-ciated advantages; easy availability, shape integrity and ease offabrication which the commercial electrolyte lacks. Althoughgel polymer electrolyte possesses improved properties as com-pared to liquid electrolyte but, poor mechanical properties pre-vents its use. To overcome the above-said issues, solid polymerelectrolyte (SPE) are promising candidates and can replace thegel polymer electrolyte and traditional liquid electrolytes.5-10Solid polymer electrolytes have various advantages, such as flexi-bility, shape integrity, reduced weight, good interfacial contact,leak-proof, and operational safety. The ion migration in such sys-tems is supposed to be through the amorphous phase of the poly-mer matrix via ion hopping and the segmental motion of thepolymer chain. The chain reorganization plays an effective role

in the ion migration via segmental motion and promotes theion migration that enhances the ionic conductivity.11-15The most investigated host polymer is the poly(ethylene oxide)(PEO) due to its broad range of complex formation with salts andpresence of electron rich ether group facilities the salt dissociation
via cation---ether group (-O-) interaction.16,17 But, it possessespoor ionic conductivity, which limits its use for practical appli-cations. So, various strategies, blending, crosslinking and graft-ing have been adopted to enhance the ion migration. Out ofthese blending approach is most promising as it facilitates theeasy preparation and cost-effective.18,19 The polymer blends areprepared by the physical mixing of the two or more polymersand provide improved properties which an individual polymerlacks.20-23 Recently, many efforts have been devoted toward theenhancement of the electrochemical and mechanical properties inblend solid polymer electrolyte membranes such as PEO-PAN,PVdF-PEO, PEO-P(VdF-HFP), PVA-PEO, PEO-PEG, PVA-PVP, PVC-PVdF, PEO-PVP, and PVC-PEO.24-31The PVP has been chosen to prepare blend polymer electro-lyte due to high amorphous content and better thermal/envi-ronmental stability. The interaction between the blend polymerelectrolyte and the salt disrupts the crystalline arrangement andfacilitates the smoother ion migration.32-35 The salt Lithium bis(oxalato)borate (LiBOB; LiBC4O8) has been chosen due to advan-tages; bulky anion size, low cost, high thermal stability, andenvironment-friendliness. The bulky anion size leads to pooranion and faster cation mobility. Numerous reports have beenpublished using the LiBOB as salt with different polymers PVdF,PVA, PEO but may improve the performance after using theblend instead of the individual host polymer.36-40The ion migration in the solid polymer electrolyte is via thehopping process. In the polymer matrix, the creation and destruc-
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Macromolecular Research tion of coordinating sites occur that supports the ion migrationfrom one site to other and ion hopping depends on the relax-ation process of the polymer chains. The relaxation time is gen-erally the time taken in between the end of hopping and start ofanother ion for hopping. In, brief it may be stated that the seg-mental motion of the polymer chain affects the ion migrationand hence the ion mobility. Ion transport mechanism is alsoimportant to elaborate and to get the insights of ion dynamics.The impedance spectroscopy is the best tool to investigate theion dynamics in terms of dielectric properties. Therefore, imped-ance data is transformed into the dielectric parameters such asdielectric constant, dielectric loss, loss tangent, ac conductivity,and modulus.41-44 In the present paper, we studied the effect of salt concentra-tion and temperature on the ion dynamics and dielectric relax-ation of PEO-PVP based solid polymer electrolyte complexedwith LiBOB, prepared by the solution cast technique. The complexpermittivity, loss tangent, complex conductivity, and modulusformalism were evaluated and analyzed systematically. Finally,an ion transport mechanism was proposed to highlight the roleof salt content and temperature on the prepared blended solidpolymeric electrolyte system. 
2. Experimental

2.1. MaterialsThe polymer host PEO (av. Mol. Wt.; 200,000, Sigma), blend poly-mer PVP (av. Mol. Wt.; 40000, Sigma), LiBOB (Mol. Wt. 167.95g/mol, Sigma) and methanol (Loba) were used as received. Anappropriate amount of the polymer (80:20) and salt (O/Li+=16,18, 20, 22, 24) were mixed methodically using the common sol-vent methanol by standard solution cast technique. First of allPEO and PVP were added in methanol (20 mL) and kept for 10 minfor swelling of polymer chains followed by 4 h stirring. Then theappropriate stoichiometric ratio of salt (O/Li+=16, 18, 20, 22, 24)were added to the homogeneous solution and stirred for 12 hbefore casting in the Petri-dishes. Then after drying at roomtemperature first and then in a vacuum oven (for 24 h), the preparedfilm is peeled off from Petri-dishes and stored in a desiccator to avoidany contamination and moisture free solid polymeric films. 
2.2. An overview of dielectric propertiesDielectric properties of the synthesized BSPEs are investigatedin terms of the Cole-Cole plot, Complex dielectric permittivity,loss tangent plot, Complex conductivity, and the modulus for-malism. Then the various dielectric parameters such as dielectricconstant, dielectric loss, relaxation time, modulus relaxation time,hopping frequency and ac conductivity are evaluated. We havealso simulated the Complex permittivity, loss tangent and com-plex conductivity plot in the whole frequency window to getproper insight of the dielectric relaxation and its influence onthe ion dynamics in the blend polymer matrix. Various fittingparameters such as dc conductivity, relaxation time and bulkcapacitance are evaluated.The complex dielectric permittivity has two parts, real part

(') describes the storage capacity or dielectric constant whilethe imaginary part ('') is the dielectric loss expressed as *='-
j''. The real and imaginary parts of complex permittivity wereused to fit the real and imaginary part of complex permittivityreported in our previous published article.46,47 Now, anothersignificant parameter is the loss tangent and modified Debyeequation (tan =  is used to fit the loss tangent plot.46 Itis interesting to observe here that the modified equation simu-late the loss tangent plot in the whole frequency window, incontrast to ideal Debye equation which is not reliable at the lowfrequency window.The frequency dependent complex conductivity comprisesof the real and imaginary part of the conductivity is expressed as,
()='()+i''().48,49 Another interesting formalism is modu-lus formalism that provides insight of ion dynamics by sup-pressing the electrode polarization. The general relationcomprise of modulus is in inverse relation with complex dielec-tric permittivity, real & imaginary part are expressed as, M*=1/
*=M'+ jM''={'/('2+''2)}+i{''/('2+''2)}.50 The samples arelabeled as PP, PP16, PP18, PP20, PP22, and PP24 for blend solidpolymer electrolyte films with O/Li+=16, 18, 20, 22, 24 ofLiBOB respectively, for further investigation. 
3. Results and discussion

3.1. Complex permittivity analysisDielectric properties of the blend solid polymer electrolyte arestudied in terms of the Cole-Cole plot, complex dielectric per-mittivity, loss tangent, complex conductivity, and modulus for-malism. Various vital parameters such as dielectric constant,dielectric strength, double layer capacitance, relaxation time,hopping frequency and ac conductivity are evaluated from thefitting of the complex dielectric permittivity, loss tangent andcomplex conductivity plot in the whole frequency window.51
3.1.1. Cole-Cole analysisThe Cole-Cole plot ('' vs. ') depicts the dielectric loss plottedagainst the dielectric constant with frequency as variableparameter.47,52 The Cole-Cole plot is analyzed from right to leftwith an increase of frequency (Figure 1) at room temperature.The semicircular arc in all the BSPEs system is attributed to thespread of relaxation time. The maxima in the extrapolated semi-circle is observed at the mid-point and the presence of the spikeevidences the heterogeneous relaxation process. The solid redline depicts the fitted plot of the Cole-Cole plot and the intersec-tion on the x-axis gives the ∞ (dielectric constant at an infinitefrequency) and s (static dielectric constant). For both parame-ters (∞ & s) the dielectric loss tends to zero.53 It can be noticedfrom the Figure 1 that the increase in the dielectric constantvalue implies the increase in number of free charge carriersand hence more ions are stored.54 This will be further exploredin the complex dielectric permittivity analysis. 
3.1.2. Real and imaginary part of the complex permittivity
analysisFigure 2(a), (b) illustrate the frequency dependent complex dielec-
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tric permittivity for blend polymer electrolyte complexed withdifferent salt content. The complex dielectric permittivity hastwo parts, real part (') describes the storage capacity or dielec-tric constant while the imaginary part ('') is the dielectric loss.All the plots exhibit the identical trend of decrease of the dielec-tric permittivity and dielectric loss with an increase of the fre-quency. It is observed in Figure 2(a), that in low-frequencywindow the high value of the dielectric constant is observedand is attributed to dominance of the space charge (atomic/elec-tronic) electrode polarization at electrode/electrolyte interface.The two types of dipoles, free ions due to salt dissociation andpolar polymer groups are two factors that lead to a high dielec-tric constant at low frequency.55Now, in the high-frequency region dielectric constant/orien-tational polarization decreases due to the hindrance of long-rangeion migration and becomes constant at a later time. This steady-state dielectric constant is termed as ɛ∞ and in this region ori-entation polarization ceases and ion migration is frozen.43,56The decrease of the dielectric constant is attributed to the lagbetween the frequency of the applied field and ion dipoles. Nowion dipoles are unable to respond quickly to the applied elec-

tric field in sufficient time. In this region, the ion-ion interactiondecreases in transient dipoles (cation---ether group). So, the over-all ion migration will be only due to the long-range ion chargecarriers.57-60 Now, the addition of salt in the blend polymer matrixfurther increase the dielectric constant, dielectric strength (Δɛ)and may be attributed to the increased number density of freecharge carriers owing to the better salt dissociation.61 In polymerelectrolytes, the number of charge carriers depends on the dis-sociation energy and the dielectric constant by equation n=noexp .54The above equation indicates the increase in the number ofcharge carriers. As dielectric constant depicts the storage capacityof ions and high value of dielectric constant imitates the addi-tional number of ions stored. This is consistent with the increasein salt concentration and increased polymer flexibility. Here,the segmental motion of the polymer chain also plays an effectiverole and growth of additional charge polarization takes placedue to contribution from dipole orientation and better salt dis-sociation.29In Figure 2(a), change of slope in the mid-frequency windowindicates the presence of segmental relaxation. While with the
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Figure 1. Cole-Cole plot of the blend solid polymer electrolyte films.

Figure 2. The plot of (a) real part of complex permittivity and (b) imaginary part of complex permittivity against the frequency.
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Macromolecular Research addition of salt ionic conductivity is increased and it masks thesegmental relaxation process distinguishable in Figure 2(b).62Beside dielectric permittivity, dielectric loss is also associatedwith the blend polymer electrolyte. Initially, when the field isapplied then the ion migrates along field direction and on thereversal of field all dipoles are unable to respond and half theion diffusion occurs in the field direction. This results in theheat generation in dielectric and is termed as dielectric energyloss (ɛ''=0 for ωτ=0). The dielectric loss at low frequencies ismainly due to dc resistivity while at high frequencies is due todipole rotations from low to high energy states.63The real and imaginary parts of complex permittivity are fit-ted in the whole frequency window. The solid red lines in the plotare best fit to the corresponding equation and fitted parametersare summarized in Table 1. From the Figure 2 it can be observedthat both the real and imaginary part of the complex permittiv-ity displays good agreement at the low frequency where electrodepolarization is effective while some deviation at the high fre-quency is observed. It may be due to the dominance of the fre-quency dependent segmental relaxation mechanism and maybe explained by the Harvriliak and Negami (HN) equations.49,62It is observed in Table 1 that the dielectric strength increasewith the addition of the salt. The absence of relaxation peak inall graphs may be due to large electrode polarization effect whichmasks the relaxation behavior of polymer electrolytes. Therefore,electric modulus and ac conductivity are attempted as alterna-tives to study ion dynamics in the next sections.
3.2. Loss tangent analysisThe loss tangent plot consists of a single peak and indicates thatthe ion conduction is via the polymer segmental motion. Fig-ure 3 displays the variation of the loss tangent (tan=ɛ''/ɛ')plot against the frequency of different salt content. The processof loss tangent is correlated with the ion mobility and the ionicconductivity. The area under the loss tangent plot reflects thenumber of ions contributing to the relaxation process.58 Figure 3

shows the variation of the loss tangent plot of blend polymerelectrolyte with different salt content. All the plots exhibit thesame trend with a peak at a particular frequency. The plot isdivided into three regions, in lower frequency region increaseof loss tangent is attributed to the dominance of Ohmic compo-nent over the capacitive component, While, at high-frequencydecrease is attributed to the independent nature of Ohmic partand growing nature of reactive component. The peak in the plotis associated with the maximum transfer of energy for theparticular frequency (1) on the application of filed.64,65 Therelaxation peak shifts toward the high frequency window onthe addition of salt and it indicates the decrease of relaxation time,and hence the fast segmental relaxation. The addition of salt con-tent evidences the increase of the amorphous content and low-ering of relaxation time is confirmed by the shift of peak towardhigh frequency.58 The decrease of the relaxation time suggeststhe speed up of the ion migration from one coordinating site toother. So, all the loss tangent plots were fitted with the associatedequation and the fitted parameters are given in Table 2. A pre-vious report displays an inability to fit at low frequency.66 The

Figure 3. Frequency dependence of the tangent delta loss (tan ) forblend polymer electrolyte.

Table 2. The fitted tangent delta loss parameters (r, τ, α, τtan δ, τm) at room temperatureSample Code r τ α τtan δ (s) τm (s)PP 33300 0.938 0.37 5.14×10-3 2.81×10-5PP16 720.75 0.006 0.55 2.26×10-5 8.43×10-8PP18 65891 0.007 0.55 2.89×10-5 1.12×10-7PP20 106795 0.006 0.48 1.98×10-5 6.06×10-8PP22 75364 0.007 0.43 2.68×10-5 9.79×10-8PP24 93638 0.032 0.45 1.06×10-4 3.48×10-7

Table 1. The fitted ɛ' (ɛ∞, Δɛ, τɛ', α) and ɛ'' (Δɛ, τɛ'', α) parameters at room temperatureSample code ɛ' ɛ''
ɛ∞ Δɛ τɛ' (s) α Δɛ τɛ'' (s) αPP 6 14953 2.84×10-6 0.82 47324 2.11×10-6 0.83PP16 19 34861 1.03×10-8 0.71 542053 1.73×10-8 0.58PP18 24 337041 9.28×10-9 0.74 461458 1.22×10-8 0.62PP20 19 427308 2.14×10-9 0.62 1548000 1.27×10-7 0.50PP22 22 225489 2.10×10-8 0.66 368447 3.96×10-8 0.52PP24 30 381576 2.36×10-8 0.74 1041400 3.72×10-8 0.68
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fitted plot is in good agreement with the experimental datapoints in the whole frequency window and issue of deviation inthe low-frequency window is resolved.The loss tangent plot is in good agreement with the fittedresults as indicated by the solid red line. In the low-frequency,the negligible deviation is visible in blend polymer matrix withsalt and may be due to the electrode polarization or diffusion ofions towards the electrodes.67 As the area under the loss tan-gent curve expresses the number of ions participating in therelaxation process. The area under the curve is highest for thepolymer electrolyte with the highest ionic conductivity. 
3.3. Real and imaginary part of the complex conductivity
analysisFigure 4(a), (b) shows the variation of real and imaginary partof the conductivity against the frequency for blend polymer elec-trolyte with different salt content. It is noticed from the plot thatall plot comprises of three regions classified on the basis of fre-quency, low-frequency electrode polarization region, frequencyindependent dc conductivity region and, high-frequency dis-persive region (indicated by dotted line in Figure 4(a).49 Theelectrode polarization (EP) phenomena dominate in the low-fre-quency region and it lowers the ac conductivity value. The EPregion disappears with an increase of frequency as we movefrom left to right in the plot. Then the frequency independentregion is observed which designates the dc conductivity valueassociated with the long-range ion migration via coordinatingsites provided by the polymer matrix. Now, the most strikingregion is the dispersive region in the high-frequency zone thatis linked with the hopping of charge carriers having a short rangeof ion transport. The ac conductivity in this region is because oftwo phenomena’s, one is long-range ion conduction (associatedwith migration of ions) and hopping conduction mechanism(via polymer hetro-sites).57,68 The switch from the dc conduc-tivity region to power-law formalism in the high-frequency win-dow indicates the relaxation phenomena and long-range migrationof charge carriers. It is also observed that the EP window increaseswith the addition of the salt and high-frequency dispersive regionalso shifts toward high frequency. It suggests that both electrodepolarization region and the dispersive region exhibit mutualcorrelation. The jump relaxation model explains the relaxation.69-71

This model states that at low-frequency ion migration occurs
via jumps from one site to another, from where dc conductivityis extracted, while at high-frequency relaxation is the result ofsimultaneous contribution from forward-backward hopping &ion relaxation.72The frequency dependent imaginary part of the conductivity('') is shown in Figure 4(b). It is observed that the '' of poly-mer electrolyte system also comprises of three regions, low fre-quency dispersion (electrode polarization) region, and intermediatefrequency independent region followed by the high frequencydispersion region. When we move from right to left (towards lowfrequency) in the plot '' decreases rapidly. The low frequencyEP region (at electrode/electrolyte interface) starts to dominateat a particular frequency on and a minima in '' is noticeable.With, further lowering of the frequency increase in the '' isdemonstrated and electrode polarization phenomena is moreeffective. Then at particular frequency maximum polarization isachieved termed as max and peak in the '' is visible. Also, at thisfrequency reduction in the ' starts when we move from highto low frequency. Further, with decrease of the frequency a peak in
'' starts to grow up and maxima in the '' is evidenced. Furtherwith decrease of frequency, a decrease in the conductivity isobserved.73,74 The dotted line in the plot divides the plot in threeregions and both max and on shift toward high frequency sidewhile electrode polarization (EP) get broadened with additionof salt. The addition of salt in the blend polymer electrolyteincrease the dc conductivity and dispersive region disappearsas displayed in the Figure 4(a). This concludes that the electrodepolarization region and dispersive region are mutually correlated. We also simulated the real and imaginary part of the complexconductivity experimental data by the equations proposed byRoy et al.,49 It is interesting to notice here that both the real andimaginary part of the electrical conductivity are in absolute agree-ment with the experimental data points in whole frequencywindow (solid red line). The fitted plot of the real and imaginarypart of conductivity shows perfect agreement with the experi-mental results and fitted parameters such as dc conductivity,double layer capacitance, hopping frequency, bulk capacitance,and fractional exponent n & s are summarized in Table 3. It isalso noted that the value of the exponential parameter is lessthan unity. The conductivity value obtained from the impedancestudy shows maxima for the sample PP16 while the dc conduc-

Figure 4. (a) Frequency dependence of real part of complex conductivity ('). (b) Frequency dependence of Imaginary part of complex conduc-tivity ('') at RT with different salt concentration. Solid lines are absolute fit.
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tivity value obtained from the fitted plot show maxima for PP20.Generally, in the impedance study, a constant electric field isapplied and the corresponding conductivity is obtained. But,now since the electrode polarization region is also included inthe fitting so both values do not coincide. 
3.4. Modulus StudyModulus formalism is an effective approach to understand theion transport with frequency, as it supports the understandingof relaxation mechanism by suppressing the low-frequencyelectrode polarization. For investigating the modulus formal-ism, the impedance data is transformed into the modulus data.

Figure 5(a), (b) displays the plot of real and imaginary part ofmodulus as a function of frequency for different salt concentra-tion. Both the plots exhibit the same trend and at high-frequencydispersion is observed. The low value of M' in low frequencywindow evidences masking of the electrode polarization. Thetail at lower frequency window get lengthens with the additionof salt and evidences the large capacitance associated in pres-ent system. The dispersion region suggests that the long rangeof ion migration dominates due to less restoring force on theapplication of filed.29,58,75-77The imaginary modulus also shows relaxation peak at highfrequency for blend polymer electrolyte without salt. This partis linked to the migration of the ions via hopping mechanism

Figure 5. Frequency-dependent (a) real (M') and (b) imaginary part (M'') of modulus spectra.

Table 3. Comparison of fitted parameters for real and imaginary part of the complex conductivitySample Code Real part of complex conductivity (σ') Imaginary part of complex conductivity (σ'')
σb (S cm-1) ωh  n Cdl (F) A (S cm-1) s Cdl (F)  Cdl (pF)PP 4.60×10-9 17.45 0.19 0.43 1.46×10-5 2.02×10-5 0.43 5.52×10-8 0.72 1.67PP16 1.81×10-5 248.25 0.98 0.49 6.07×10-7 1.01×10-5 0.41 4.19×10-8 0.81 1.97PP18 1.80×10-5 216.34 0.99 0.48 6.69×10-7 2.92×10-5 0.41 6.74×10-8 0.62 1.53PP20 8.59×10-5 308.43 0.93 0.46 7.42×10-7 1.46×10-7 0.25 1.14×10-8 0.98 1.72PP22 1.17×10-5 252.76 0.92 0.52 3.05×10-7 1.03×10-7 0.23 2.73×10-8 0.97 2.80PP24 2.16×10-5 67.39 0.85 0.43 1.03×10-6 1.03×10-7 0.23 2.73×10-8 0.97 2.80

Figure 6. The plot of (a) dielectric strength and (b-e) relaxation time with different salt content in the blend polymer matrix.
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from one coordinating site to the other. The right side of thepeak indicates confined mobile carriers to potential wells andleft of the peak indicates long-range ion migration. The peak fre-quency depicts the relaxation frequency at which long-range ionmotion switch to short range ion motion with an increase offrequency.25,78-79 While with the addition of salt peak falls out-side the measured frequency window (1 Hz-1 MHz) and evi-dences the lowering of relaxation time. The low value of relaxationtime is linked with faster ion migration and is desirable for asolid state ionic conductor.44,80,81 The modulus relaxation time(τm) was calculated in the earlier section using the loss tangentsimulation parameter’s and illustrates the decrease of relaxationtime with the addition of the salt (Table 3). Figure 6 shows thevariation of the dielectric strength and the relaxation timeagainst the salt concentration of the blend polymer electrolytesystem. It is interpreted that the addition of salt increases thedielectric strength that is attributed to the better salt dissocia-tion via polymer-salt interaction. So, more free ions are avail-able for the polarization which enhances the dielectric strength.From the fitting of the appropriate equations, various relax-ation times are obtained. It is observed that the addition of thesalt lowers the relaxation time that indicates faster ion migration.The lowering of the relaxation time may be due to the enhancedamorphous content and altered polymer chain arrangementowing to the interaction of the electron-rich group and cation.All the relaxation time shows the same trend with salt content. 
3.5. Temperature dependent dielectric properties

3.5.1. Complex permittivity analysisThe complex permittivity analysis was performed in the fre-quency range from 1 Hz to 1 MHz and in the temperature range40 oC-100 oC @10 oC. The complex permittivity analysis enables

us to evaluate the dielectric properties dependent on the fre-quency as well as temperature. Two important points whichare studied is the capacitive nature and conductive nature. Theformer one tells about the storage ability of the material whilethe latter indicates the ability of dielectric to transfer the chargeof the material.82 The large value of dielectric constant or dielec-tric strength enables us to store the more energy, as Ue∝r.83
3.5.2. Real part of complex permittivityIt is observed from the Figure 7(a)-(e), that the dielectric per-mittivity continuously decreases with the increase of the fre-quency in all systems irrespective of temperature. The increasein low frequency is due to the electrode polarization owing tothe quick response of dipoles to the applied electric field whichleads to charge accumulation at electrodes due to blockingstainless-steel (SS) electrodes. The decrease in high frequencyis due to the inability of ions to respond to the applied field ordecrease of orientation polarization and hindrance of ion diffu-sion due to the rapid changing of the field. This lowers the ioncontributions to the dielectric constant and evidences the Non-Debye nature (n-1) in present system.29,84 At low frequency, allpolarization built up to contribute to the enhancement of dielectricconstant but during the transition from low to high-frequencypolarization having large relaxation time ceases with the appli-cation of field and decreases dielectric constant.85 It need to bemention here that the drop in the dielectric constant is not rapidas delay in polarization seems to be observed on applicationof the field due to inertia which lowers the dielectric con-stant.64 Figure 7 displays the temperature dependent dielectricpermittivity for various solid polymer electrolyte system. Theincrease in the temperature increases the dielectric constant atevery frequency due to the polar nature of the polymer blend.86The increase of the temperature makes dipole rotation easy

Figure 7. Frequency dependence of real part of complex permittivity (') for (a) PP16, (b) PP18, (c) PP20, (d) PP22, (e) PP24 and (f) variation ofdielectric strength () with temperature.



© The Polymer Society of Korea and Springer 2019 Macromol. Res.

Macromolecular Research and this leads to the enhancement of the dielectric permittivity.The change in slope of the plot at low frequency with an increaseof temperature and indicates the contribution via segmentalmotion of the polymer chain in ion transport.62Another reason for the enhancement of the dielectric per-mittivity is the faster segmental motion of polymer chain whichalso supports the enhancement of the electrode polarization.The increase of temperature also supports the dissociation ofthe salt and hence the dielectric constant. The salt dissociationis linked with the lowering of the activation energy (Ea=q2/4osr).87 The electrode polarization is the result of quick dipoleorientation on the application field as temperature internallyactivates the dipoles to respond with the applied field. The dis-persion regions also shift towards high frequency with an increaseof temperature and indicates the reduction of relaxation time.The lowering of relaxation time is linked with the enhancedelectrical conductivity and hence the dielectric constant. Thesame behavior is observed for all the solid polymer electrolytesystems.The solid lines in the Figure 7(a)-(e) fit well to the experimentalresults while at high frequency is not well fitted. Figure 7(f) showsthe variation of the dielectric strength (=s-∞) for various solidpolymer electrolyte at different temperature. It concludes thatthe dielectric strength increases with the temperature for all sys-tems and is attributed to the enhancement of number of free chargecarriers which enhances the electrode polarization at the elec-trode-electrolyte interface.
3.5.3. Imaginary part of complex permittivityFigure 8(a)-(e) shows the plot of the imaginary part of the com-plex permittivity (dielectric loss) with frequency and tempera-ture variation for different solid polymer electrolyte system.The dielectric loss decreases with the increase of frequency andrises with lowering of frequency. The rise in the dielectric lossat low frequency is attributed to the dominance of electrode

polarization and space charge polarization at the electrode-electrolyte interface which is the signature of non-Debye typenature.88In all the systems, the dielectric loss increase with the increaseof the temperature and no peak corresponding to maxima indielectric loss is observed. So, to obtain the peak in solid elec-trolytes the dc conductivity is separated from the total conductiv-ity but in case of ion conducting systems the presence of electrodepolarization results in large experimental error so such situa-tion is avoided.72,89 All the investigated system follows the sametrend and the peak (shown by the dotted circle) shift towardhigh frequency with an increase of the temperature. Figure 8(f)shows the variation of relaxation time and the conductivity withthe temperature. It is observed that the relaxation time decreasewith the increase of temperature and conductivity increases.This nature is evidence of the increase in the segmental motionof the polymer chain and enhanced flexibility. With the increaseof the temperature, the cation gets thermally activated andmigrates at a faster rate via the coordinating sites in the blendpolymer matrix. This evidences that on increase of temperaturefree volume available for the ion migration increases. 
3.6. Complex conductivity analysisThe complex conductivity is expressed as '='+i''; where 'is real part of complex permittivity, and '' is imaginary part ofthe complex permittivity. The detailed analysis of the tempera-ture dependent real and imaginary part is as follows.
3.6.1. Real part of complex conductivityFigure 9(a)-(e) shows the frequency and temperature depen-dent ac conductivity for different solid polymer electrolyte sys-tem. All investigated systems show the increase of conductivitywith the frequency and temperature. The plot may be dividedinto three regions independent of temperature, (i) sharp increase

Figure 8. Frequency dependence of imaginary part of complex permittivity ('') for (a) PP16, (b) PP18, (c) PP20, (d) PP22, (e) PP24, and (f) vari-ation of conductivity and relaxation time with temperature for PP20.
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in low frequency associated with electrode polarization regiondue to slow reversal of field, (ii) frequency independent bulk dcconductivity region and high frequency dispersive region dueto faster periodic reversal of field and hence the charge accu-mulation elimination lead to increase of the conductivity.90,91 Itis again interesting to notice here that with an increase of thetemperature frequency dependent region associated with EPsignificantly increases. It indicates that the more ion accumula-tion participates in building up of polarization due to better saltdissociation which increases the number of free charge carriers.With the increase of temperature, dc conductivity regions decreasewhile dispersive regions following Jonscher power law disappear.It may be concluded that the EP phenomena, dc conductivity,and the dispersive region are correlated with each other with astrong dependency on the temperature. The intermediate frequency plateau is used to extract the dcconductivity value by taking intercept at zero frequency and dcconductivity value increases with the temperature. At ambienttemperature, the energy barrier is high due to coordination ofthe cation with host polymer and cation migration is linkedwith the polymer chain motion. At high temperature, increasedpolymer chain flexibility and rapid relaxation push the cation ata higher rate from one coordinating site to another, since anionsare in the immobilized state to the polymer backbone. At high-temperature creation and destruction of the new favorablecoordinating sites occurs speedily and the possibility of ion migra-tion via hopping seems to be increased. The above concept issupported by the decreased value of relaxation time with theincrease of the temperature. At hopping frequency, the transitionfrom the dc conductivity to the dispersive region is observed. The varying hopping distance due to thermal activation influ-ence the cation migration via hopping. It is reported that with anincrease of the temperature average hopping length ( )

decreases. Another important parameter is hopping potentialbarrier (Ehop) that the ion must overcome a successful jump tothe forthcoming coordination site. Now the average hoppinglength (distance between the neighboring ion pairs) decreaseswith the increase of temperature. The lowering of the hoppinglength leads to overlap of Coulomb potential wells and Ehopdecreases which results in the improved mobility of ions hencethe dc conductivity.49,92 It is noted that the hopping frequencyshifts toward the high-frequency window with an increase inthe temperature. In brief, the probability of successful hoppingfor the cation increases that lead to the enhancement of theionic conductivity which is also supported by lowering of relax-ation time.93 The solid line in the plot is best fit and it is worthyto note that both the experimental and simulated results are ingood agreement in whole frequency window. Also, the experi-mental data reproduces the simulated data with an increase inthe temperature. Figure 9(f) shows the increase of the conductivity with anincrease of the dielectric strength and temperature. The increaseof dielectric strength indicates the increase of a number of freecharge carriers which enhances the conductivity. The increaseof dielectric strength with temperature is also linked with thebetter salt dissociation with an increase of temperature. Boththe exponent  and n are almost independent of the tempera-ture for all solid polymer electrolyte system. The value of  isalmost close to 1 while the value of n lies between 0.46 and 0.52with negligible dependency on the temperature. 
3.6.2. Imaginary part of complex conductivityFigure 10(a)-(e) shows the temperature dependent imaginarypart of the complex conductivity ('') in the frequency rangefrom 1 Hz to 1 MHz. The plot is divided into three regions, lowfrequency electrode polarization region, and an intermediate2 

Figure 9. Frequency dependence of real part of complex conductivity (') for (a) PP16, (b) PP18, (c) PP20, (d) PP22, (e) PP24, and (f) variation ofdielectric strength with temperature for PP20.
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frequency region followed by the high frequency dispersionregion. The investigated system shows the identical nature ofthe plot. Two peaks are obtained one for minimum '' at high fre-quency and another for maximum '' at low frequency.49 The for-mer peak is for on is associated with the onset of the electrodepolarization (EP) phenomena and continuously grow up to afrequency where '' shows maxima termed as max. At this fre-quency maximum polarization is built up at electrode electro-lyte interface. Now, the temperature dependent imaginary part of the com-plex conductivity ('') is investigated. It may be observed thatfor all solid polymer electrolyte both on and max shift towardhigh frequency. Also, the EP window get broadened while the highfrequency region depicting direct proportionality with frequencydisappears with increase of temperature.73 It may be concludedthat the temperature plays an effective role in enhancing theconductivity and all systems are dependent on the temperature.Figure 10(f) shows the increase of the double layer capaci-tance and the hopping frequency with increase of the tempera-ture that indicate the enhancement in the segmental motion ofthe polymer chain and lowering of relaxation time.
3.7. Correlation of hopping frequency and segmental motion
of polymer chainIt has now been summarized that the ion migration in theinvestigated system is attributed to the charge carriers hoppinglinked with the segmental motion of the polymer chain. Theenhanced amorphous content and faster segmental motionwith temperature speed up the internal modes. So, the ion hop-ping at high frequency lead to enhancement of the ionic con-ductivity with reduction of average hopping length ( ). Toevidence, the correlation between the ion hopping and the seg-

mental motion Debye-Stokes-Einstein plot was obtained asshown in Figure 11. The DSE equation is proposed for such sys-tem which shows weak dependency to temperature and isexpressed as; dc∝fs∝h ( fs is the segmental frequency).87 Theplot depicts the dc conductivity behavior according to the DSEequation for all SPE system with almost negligible deviationand evidence that the only free cation is contributing to con-ductivity with negligible contribution from the ion pairs. Theenhancement of temperature promotes the diffusion of singlelithium ions and is in agreement with the enhancement of theionic conductivity.94-96 In brief, it may be suggested that at par-ticular frequency all systems depicts the coupling of the dc con-ductivity with the hopping frequency and only cation is playingthe key role in the enhancement of ion dynamics. 2 

Figure 10. Frequency dependence of imaginary part of complex conductivity ( '') for (a) PP16, (b) PP18, (c) PP20, (d) PP22, (e) PP24, and (f)variation of conductivity and relaxation time with temperature for PP20.

Figure 11. The plot of dc conductivity against the hopping frequency atdifferent temperatures. Solid red lines are the best fit for the DSE equation.
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3.8. Ion transport mechanismNow an interaction scheme based on the experimental resultsis proposed in two ways, (i) polymer segmental motion and (ii)hopping barrier. Initially when the polymer salt system showsa semi-rigid structure and ion migration occurs via the coordi-nating sites of the host polymer. As shown in Figure 12(a) thatbetween two coordinating sites is specified hopping length (D1)that is to be covered for a successful hopping (D1) and relax-ation time of the polymer chains is 1. So, when the tempera-ture increases, then the system transform to the flexible systemand hopping length of charge carriers decreases (D2<D1) owingto the availability of more coordinating sites easily (Figure 12(a)).Now, the faster relaxation of the polymer chain occurs as wellas ion migration from one site to another is rapid as evidencedby the decrease of the relaxation time (2<1). The thermal acti-vation of the charge carriers reduces the time spent by the cat-ion at coordinating sites and faster ion dynamics is expected.The average time spent by the cation at a coordinating site decreaseand ion diffusion become smoother. The other important parameter is the hopping potential bar-rier (Ehop) which is the potential that must be overcome by thecation for successful hopping. Now when the temperature islower then the hopping potential is indicated by the E1 (Figure12(b)). So, to jump from one site to forthcoming site ion mustcross this barrier. Now, when the temperature increases thenthe average hopping length decreases. This lead to overlappingof the potential barriers and overall potential that must beovercome by the cation decreases denoted as E2, as shown inFigure 12(b). The reduction in the potential barrier (E2<E1)suggest that the ion mobility is increased which directly indi-cates the enhancement of the ionic conductivity and the dielectricconstant. In brief, it may be stated that the temperature playsan effective role in enhancing the dielectric properties and is acombination of the three mechanisms, (i) increase of the poly-mer flexibility, (ii) decrease in hopping length and, (iii) lower-ing of hopping potential barrier. 
4. ConclusionsThe lithium ion conducting blended solid polymer electrolytematrix has been prepared through solution cast technique. Theeffect of the variation of salt content and temperature on the

dielectric properties of prepared films has been investigated.The complex dielectric permittivity, loss tangent and complexconductivity were simulated and fitted results were in closeagreement with the experimental findings. The increase indielectric constant with salt content suggests the increase in anumber of free ions due to better dissociation of salt and hencethe conductivity. The tangent delta analysis reveals the shift ofrelaxation peak toward high frequency and lowering of the relax-ation time with the addition of salt. The ac conductivity analy-sis is analyzed in the whole frequency window. The modulusformalism displays the increase of the capacitance with theaddition of the salt. A fruitful correlation between the variousrelaxation times obtained from the fitting parameters is observed.The dielectric constant, ac conductivity & hopping frequencyincreases with temperature while, relaxation time decreasesand simulated results are in absolute agreement with experi-mental results. The improvement in dielectric parameters maybe due to faster ion migration via the segmental/slipping motionof polymer chain and the availability of more free charge carri-ers in the system. The dc conductivity, hopping frequency, andsegmental motion are strongly coupled and cross-checked bythe Debye-Stoke-Einstein (DSE) plot. A self-proposed mecha-nism has been developed to highlight the effect of temperaturein enhancing the segmental motion and lowering the potentialbarrier of the investigated system.
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