
IMPEDANCE SPECTROSCOPY ON POLYMER ELECTROLYTES 

CONTAINING LITHIUM AND MAGNESIUM IONS. 

 

 

Maurizio Furlani1,2, Johanna Carlson2, Marie Fredriksson2 Bengt-Erik Mellander2  

and Gunnar A. Niklasson1 * 

 

 

1 Department of Engineering Sciences, The Ångström Laboratory, 

Uppsala University, P.O. Box 534, SE-75121 Uppsala, Sweden 

2Department of Applied Physics, Chalmers University of Technology, 

SE 41296, Gothenburg, Sweden 

 

 

 

 

 

 

* Corresponding author, phone: +46184713101, fax: +4618500131, email address: 

gunnar.niklasson@angstrom.uu.se 

mailto:gunnar.niklasson@angstrom.uu.se


Abstract 

A detailed impedance spectroscopy study, together with thermal analysis, was carried out on 

polymer electrolytes composed of low molecular weight poly(ethylene oxide) 400 with added 

lithium or magnesium triflate salts. Glass transition temperatures were always far below room 

temperature. The ion conductivity exhibits a maximum at intermediate salt concentrations and 

is significantly higher in the case of Li triflate addition. When the ion conductivity 

contribution was subtracted, a prominent dielectric loss peak in the MHz region was observed. 

Its relaxation strength scales with ion concentration, as appropriate for an ion pair relaxation 

in systems above the glass transition. We present evidence that this relaxation is due to the 

same species that give rise to the ion conductivity. The complex impedance due to the 

composite ion conductivity – ion pair relaxation process was found to exhibit good agreement 

with the Davidson-Cole [D.V. Davidson and R.H. Cole, J. Chem. Phys., 19 (1951) 1484-

1490] relaxation function. The relaxation process is characterized by a power-law exponent 

below 0.5, which signifies an anomalous diffusion process at high frequencies crossing over 

to a constant conductivity at low frequencies. 
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1. Introduction 

 

Polymer electrolytes with high ionic conductivity can be obtained by dissolution of a salt in a 

polymer matrix. The properties of such polymers containing mobile ions have been 

extensively studied [1-3]. They are of major interest in a range of applications, for example in 

battery technology [1,4], supercapacitors [5] and electrochromic devices [6,7]. The 

conductivity of a polymer electrolyte is highly dependent on the added salt concentration. It is 

by no means certain that all ions take part in the conduction process [8], since they may be 

bound to the polymer chains or form neutral ion pair dipoles [9] in the material.  

 

Poly(ethylene oxide) (PEO), with the addition of Li salt, is one of the most studied polymer 

electrolytes, due to its electrochemical stability and solvation ability. High molecular weight 

PEO exhibits a melting temperature of 338 K, below which the polymer is a mixture of 

crystalline and amorphous phases [2]. A high ionic conductivity due to the added salt persists 

at room temperature, related primarily to the amorphous regions in the polymer. The pure 

polymer exhibits a low residual conductivity of the order of 10-10 S/cm [2,10], probably 

related to proton hopping transport [10]. After adding Li salts the ionic conductivity increases 

and can reach levels of 10-5 to 10-4 S/cm at room temperature [1-3]. The anion is probably 

responsible for the major part of the conductivity [3]. Polyether-Li salt systems can be mixed 

with poly(methyl methacrylate), PMMA [7,11,12], in order to improve the mechanical 

stability and adhesiveness. Low molecular weight PEO-400 is a transparent liquid at room 

temperature. After mixing with PMMA, it is of interest for applications where quite thin 

layers are necessary and at the same time transparency has to be maintained. This kind of 

optically transparent electrolyte is of interest for electrochromic devices [7,12]. The addition 

of a magnesium salt to PEO has a more limited effect on the ionic conductivity, because the 



magnesium cations connect the ethylene oxide units of different chains making the system 

more rigid. The ionic conductivity appears to be lower than in Li ion systems [13] and the Mg 

ion seems to be almost immobile [3,13]. However, in properly modified systems a fair ionic 

conductivity and significant Mg transport appears to be possible [14]. Thus Mg-containing 

polymer electrolytes are used in rechargeable magnesium batteries and as a model for systems 

with a double anion [15-18]. 

 

Dielectric spectroscopy studies of polymer electrolytes are of fundamental interest for 

elucidating the dynamics related to the glass transition [19, 20]. Pure PEO exhibits a number 

of relaxations denoted β, γ' and γ, according to the notation in ref. [19]. In the glass transition 

region the relaxation times of these processes approach each other and merge to a single (βγ)− 

relaxation [19]. At room temperature this relaxation can be observed at frequencies of one to a 

few GHz [21-23]. The relaxation peak frequency exhibits only a weak increase with the 

molecular weight of PEO [21]. It is controversial whether an α-relaxation at lower 

frequencies can be observed in dielectric spectra [24]. If it exists, it is probably masked by 

contributions from dc conductivity and electrode polarization.  Fanggao et al. have observed a 

low frequency process, which was interpreted as being due to proton hopping [10]. It should 

be noted that adding salt to a polymer represents a controlled way to introduce dipolar species 

into the host. This feature might be of fundamental interest for studies of dipolar screening 

[25] in disordered materials. 

 

In this paper we report a detailed room temperature impedance spectroscopy study of the 

conductivity relaxation in poly(ethylene oxide) with molecular weight 400 (PEO-400) 

containing Li- or Mg trifluoromethane sulfonate. We carry out a thorough analysis of a 



dielectric loss peak associated with the onset of dc conductivity. This peak occurs only in salt-

containing polymer electrolytes and has previously been assigned to ion pair dipoles [26,27]. 

A similar peak was found in Poly(propylene oxide)/LiClO4 electrolytes by Furukawa et al. 

and was assigned to local fluctuation of ions in a certain domain [20,28]. By comparing the 

conductivity of polymers containing monovalent and divalent cations, we obtain an improved 

understanding of the dipolar species introduced into the polymer as well as their relaxation 

processes. Section 2 below describes our experimental procedures, sect. 3 treats results 

obtained by differential scanning calorimetry (DSC), while sect. 4 is devoted to a detailed 

analysis of our dielectric data. We summarize our conclusions in sect. 5. 

 

2.Experimental 

 

The samples were prepared from poly(ethylene oxide) of average molecular weight 400 

(Polyscience), that had been dried in vacuum (10-5 Pa) at 333 K for 24 h. We added either 

lithium triflate (LiSO3CF3, lithium trifluoromethane sulfonate) or magnesium triflate 

(Mg(SO3CF3)2, magnesium bis(trifluoromethane sulfonate) to the polymer. The salts were 

dried at a temperature of 393 K, and at the same pressure as the polymer. The solutions were 

stirred at 333 K in a sealed flask for 12 h, without the use of any additional solvent. The 

handling of the samples was done in a glove box filled with dry argon gas (< 1 ppm water). 

 

The concentration of salt in the PEO is given as 1/n, where n is the ratio of ether oxygen to 

metal. Samples with n ranging from 8 to 1024 were produced. The densities can be obtained 

from n, the molar masses and molar volumes as described by Georén and Lindbergh [29]. 

 



Differential scanning calorimetry was performed in the temperature range from -120o to 80o C 

with a Mettler-Toledo DSC 30 unit, a Mettler TC 10A/TC15 system control and ceramic 

sensor (medium), using a heating rate of 5 K/min and a quenching speed of (nominally) -100 

K/min. The weights of the samples were all maintained in the range of 5-20 mg and all 

experiments were carried out using a steady, purging dry nitrogen. Sample handling and 

encapsulation were carried out in dry argon atmosphere (<1ppm water). 

 

Impedance spectroscopy was performed with a HP 4291A RF Impedance/Material Analyser, 

in the frequency (ω) range from 1 MHz to 2 GHz, using an applied voltage of 0.1 V. The 

measurements were carried out using a Novocontrol BDS 2100 sample cell at ambient 

temperature. The cell consists of two 0.5 cm diameter stainless steel electrodes, with a ring-

shaped Teflon spacer in between. The spacer keeps the electrodes 0.5 mm apart and holds 

them parallel. The assembly of the cell and the manipulation of the sample was done in a dry 

argon atmosphere. Each measurement was repeated a few times in order to check the 

reproducibility and eliminate spurious signals, for example from samples containing gas 

enclosures.  

 

The data were collected with 16 points per frequency decade. At frequencies above 200 - 500 

MHz, lead resistance and inductance started to influence the results. Therefore results in the 

extreme high frequency region were disregarded. The measured data were examined both in 

the impedance (Z) and permittivity (ε) representations. They are related by 

 

 ε(ω) = d/iωZ(ω) A,    (1) 

 

where d is the sample thickness and A its cross-sectional area. 



 

3. Results from DSC. 

 

The differential scanning calorimetry studies showed a number of characteristic features. 

These features were investigated taking the thermal history of the sample into consideration: 

in fact to detect the glass transition temperature (Tg) in a sample which at equilibrium has 

only a minor amorphous fraction requires quick quenching to -120 °C to produce an 

undercooled sample out of thermodynamic equilibrium but with a larger amorphous fraction, 

so that the glass transition temperature is detected more clearly. An endothermic peak due to 

the melting of the crystalline part of the samples was observed at around 278 K for pure PEO-

400 and for low and medium salt concentrations (n>16 for LiTf and n>32 for MgTf2). A cold-

recrystallization peak at temperatures around 220 K was observable in a few cases. The glass 

transition was observed as a clear step for polymers with relatively high salt concentration 

(n<128 for Li and n<256 for Mg). The measured glass transition temperatures are shown as a 

function of concentration in figure 1. They increase rapidly with increasing salt concentration, 

but are far below ambient temperature even for the polymer electrolytes with the highest salt 

concentration. However, a higher Tg is indicative of a slower dynamic at the temperature of 

the electrical measurements. One might therefore expect a correlation between the relative 

temperature Trel=T-Tg and the conductivity, at least over part of the salt concentration range 

[3]. 

 

4. Results from dielectric spectroscopy 

 

The pure PEO polymer was found to exhibit almost frequency independent dielectric 

properties with a real permittivity of about 13 and a low dielectric loss, see fig. 2 and 3. The 



permittivity is in good agreement with the limiting value at frequencies below the β-process 

reported in recent works [21, 22], although markedly lower than some other literature data 

[23]. The dielectric loss may be a low frequency relaxation due to polarizable entities, or due 

to the dc conductivity contribution. 

 

Figure 2 also shows the measured real (ε´) part of the permittivity for a number of 

concentrations of Li (a) and Mg (b) ions in PEO. Generally, the real permittivity displays a 

broad transition, due to the reorientation of dipoles, between a low frequency plateau (εο) and 

a high frequency limiting value (ε∞). The difference, ∆ε, between these two values increases 

with salt concentration and is a measure of the relaxation strength. Figure 3 is a similar plot 

for the measured imaginary (ε´´) part of the permittivity. The imaginary part increases as ~ω−1 

towards low frequencies; this is the behavior characteristic of the ionic conductivity, σdc, of 

the samples. If the conductivity contribution is subtracted, by using the equation 

 

vacdccorr ωεσεε /´´´´ −= ,    (2) 

 

where εvac is the permittivity of vacuum, a corrected imaginary permittivity is obtained. It 

exhibits a broad relaxation peak, as illustrated in figure 4. In previous works [26,27], this peak 

has been interpreted as a relaxation due to ion pair dipoles, consisting of a positive metal ion 

and a negative anion. It might also be due to the motion of ion aggregates [3]. An increase of 

ε´´ at the highest frequencies was observed for all our samples. It becomes less pronounced 

for the samples with the highest salt concentrations. This increase could be due to the onset of 

the low-frequency wing of the β-relaxation of PEO.  

 



Figure 5 shows the ionic conductivity (a) as well as the peak frequency of )( max
´´ ωε corr (b), as a 

function of salt concentration. It is observed that these quantities exhibit a very similar 

dependence on (1/n). The conductivity exhibits first a linear dependence on concentration, 

implying that each added ion gives an equal contribution. Then the conductivity has a 

maximum around concentrations (1/n) of 0.02 and 0.04 for the Li and Mg salt-containing 

electrolytes, respectively. We note that the maxima seem to occur at approximately the same 

ratio of triflate anion/ether oxygen. In fact, magnesium is doubly charged while its ionic 

radius is similar to the one of lithium. A stronger, twice as large, interaction of the cation with 

the polymer is not surprising and could explain a stiffening of the system. This indicates also 

that, in the magnesium containing samples it is the anion that gives the major contribution to 

the conductivity, and in the lithium containing ones the anion gives a comparable or major 

contribution to the conductivity, in agreement with earlier studies [2, 3]. After the maximum a 

gradual decrease sets in. The effect of ion interactions is to decrease the mobility of each ion 

and also to decrease the overall conductivity at high concentrations. 

 

In order to examine more closely the permittivity dispersion of the salt-containing polymer 

electrolytes, the high frequency value (ε∞), due to processes (β,γ',γ) occurring at still higher 

frequencies, should first be subtracted. The high frequency value was estimated by 

extrapolation in the complex permittivity plane (a plot of the imaginary part vs. the real part). 

The values of ε∞ show an interesting trend as a function of salt concentration, as seen in fig. 

6a. For low salt concentrations (high n) the value is close to the dielectric constant of PEO, 

while at high salt concentration there is a significant drop to much lower values. This drop 

might be due to an increasing overlap with the β-relaxation, but figure 4 seems to indicate a 

separation of the two processes also at high (1/n). Another possibility is that the ion-polymer 

interactions become more pronounced at high salt concentrations, transferring relaxation 



strength from the β-relaxation to lower frequencies. A third possibility is that the dipoles 

responsible for the β-peak in PEO, are screened by the ion pair dipoles.  

 

Figure 6b displays the relative relaxation strength of the ion pair dipoles, obtained by dividing 

∆ε  with 1/n, as a function of metal ion concentration (1/n). The relaxation strength has been 

evaluated from ∆ε = εο − ε∞; it is also proportional to the value of ε´´corr at the relaxation peak 

maximum. These quantities exhibit an identical variation with concentration, as expected 

from the Kramers-Kronig relations between the real and imaginary parts of the permittivity. 

The normalized relaxation strength decreases approximately as a power law of concentration. 

For the Li triflate case an approximate power-law exponent of   –0.65 can be extracted, while 

the data for the Mg case exhibit a slower variation. The value for the Li containing samples 

can be explained by noticing that ∆ε is proportional to the square of the cation-anion distance, 

and that the average ion distance is proportional to the –1/3 power of the ion concentration, if 

at least one of the ions is mobile. The higher (about double) value of ∆ε for the Mg containing 

samples can be caused by the higher strength of the bonding force between the doubly 

charged cation and each anion. The lower slope in this case may be due to a more localized 

bonding between the Mg ion and the anions, leading to a non-uniform distribution of mobile 

ions. This analysis adds strength to the interpretation of the relaxation process in the MHz 

region (fig. 4) as being due to ion pair dipoles. 

 

The similarity between the conductivity and ωmax (see fig. 5) is reminiscent of the so-called 

BNN relation that is valid for a large number of ion conducting glasses, namely [30-32] 

 

 σ = F εvac ∆ε ωmax,    (3) 

 



where F is a numerical factor of order unity and ∆ε = εο − ε∞. There is some scatter in the 

value of the F-factor for our samples, as seen in fig. 7, but the tendency is clear. The values 

are between 1 and 3.5, with the Mg salt giving rise to the higher values. It should be noted 

that considerable uncertainties are introduced by the determination of the relaxation strength 

as well as by the subtraction of the ion conductivity in order to determine ωmax. The values of 

F should therefore be regarded as approximate only. The implication of fig. 5, and the validity 

of eq. (3), is that the ionic conductivity and the relaxation process are closely coupled, so that 

it should be appropriate to view them as two parts of the same basic conduction process. On 

short time scales the ions appear as ion pair dipoles, while on longer time scales at least one of 

them is able to move and give rise to the ionic conductivity. Hence we propose that the 

combined response should be analyzed as a conductivity relaxation. 

 

Figure 8 shows complex impedance plots for Li and Mg containing PEO electrolytes at the 

specified concentrations. Both the uncorrected raw data and the data after subtraction of ε∞ 

from the permittivity are shown. The raw data exhibit depressed semicircles, with centers 

below the real axis, in the complex Z-plane. However, after correction for the high frequency 

permittivity, the conduction process is seen to be characterized by a skewed semicircle in the 

Z-plane. It should be noted that for samples with low and intermediate values of (1/n), only 

part of the semicircle was visible within our experimentally accessible frequency range. A 

skewed semicircle in the impedance plane can be fitted by the Davidson-Cole expression 

[33,34] 

 

 Z(ω) = Rdc / (1 + iωτ)φ,    (4) 

 



where Rdc is the dc resistance and φ is an exponent characterizing the ion conduction process. 

This expression has earlier been found to give good fits to conductivity relaxations in 

inorganic ionic conductors [35, 36]. In order to be consistent, we fitted all our data to this 

expression even if only a part of the semicircle could be observed within our accessible 

frequency range. It was found that eq. (4) exhibited good agreement with our experimental 

data in the ion pair relaxation region. The exponent φ was determined from fits to the 

experimental data and is displayed as a function of concentration in figure 9. It is seen that the 

exponent has a minimum value at intermediate concentrations and is about 0.4 at low and 

high values of (1/n).  

 

We hypothesize that the Davidson-Cole exponent can be understood as a diffusion exponent. 

The polarization of the ion pairs leads to local fluctuations in ion concentration, leading to 

diffusive ion transport at high frequencies. This picture of the conduction process is similar to 

that advanced by Furukawa et al. [28]. The applied electric field gives rise to drift of ions and 

this process is seen as a dc conductivity contribution at low frequencies. At higher frequencies 

local fluctuations in ion concentration lead to a diffusive process [37] described by the 

exponent depicted in fig. 9. Within this picture of the conduction process, the exponent φ is 

expected to approach 0.5 at very low and very high concentrations. The exponent 0.5 

corresponds to semi-infinite diffusion [37] of ions and would be applicable to the regime of 

non-interacting ions at low (1/n) as well as to the regime of screened ion dipoles at high (1/n). 

It seems that ion-ion interactions at intermediate concentrations have the effect of decreasing 

the value of the exponent φ, leading to an anomalous diffusion [38] process. In addition 

interactions of the ions with the polymer chains may also affect the value of φ. 

 

5. Summary and conclusions  



 

We have studied the conductivity and an associated ionic relaxation in PEO with added 

LiCF3SO3 and Mg(CF3SO3)2 , especially the dependence on salt concentration. PEO 

containing the Li salt is more conductive than PEO with the Mg salt. The conductivity was 

found to exhibit a peak at intermediate concentrations. The major contribution to the 

conductivity was assumed to come from the anion, as indicated by our data. An ionic 

relaxation was observed in the MHz range. It was found to be closely coupled with the ion 

conduction process, as evidenced by the similar concentration dependences of ionic 

conductivity and relaxation peak frequency. In addition the relaxation strength scaled with ion 

concentration. The combination of dc conductivity and ionic relaxation was analyzed as a 

conductivity relaxation. Good agreement with the Davidson-Cole relaxation function was 

found, with a power-law exponent of the order of 0.25 to 0.45 . 

 

In conclusion, we obtain the following picture of the ionic conduction process in our Li- and 

Mg-containing PEO electrolytes: 

 

1) In the low concentration region the mobile ions are essentially non-interacting, as seen 

from the linear dependence of conductivity on ion concentration. However, the relaxation 

strength per ion pair decreases, because of a decrease in the average anion-cation distance 

as the concentration increases. 

 

2) For concentrations above 1/n = 0.05 to 0.1 the conductivity decreases, which shows that 

ion pair-ion pair interactions are important and impede the ionic movement.  Screening 

between the ion pair dipoles is still not important, but the ion pairs might screen the 



relaxation processes in the polymer chains. The Davidson-Cole conductivity relaxation 

exponent exhibits a minimum. 

 

3) The transition to the regime of screened dipoles is predicted by Jonscher [25] to take place 

for dipole concentrations of 1-4 1027 m-3. This is just at the upper end of our concentration 

range, and effects due to screening of identical units are thus difficult to observe. 
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Figure captions 

 

Figure 1. Glass transition temperature as a function of metal ion concentration for 

polyethylene oxide with Li and Mg triflate. 

 

Figure 2. Real part of the dielectric permittivity as a function of frequency for polyethylene 

oxide with added Li (left) and Mg (right) triflate. The ether oxygen/metal ion ratio n is given 

in the figure, while PEO denotes pure polyethylene. 

 

Figure 3. Imaginary part of the dielectric permittivity as a function of frequency for 

polyethylene oxide with added Li (left) and Mg (right) triflate. The ether oxygen/metal ion 

ratio n is given in the figure, while PEO denotes pure polyethylene. 

 

Figure 4. Imaginary part of the dielectric permittivity for polyethylene oxide with Mg triflate, 

after subtraction of the ion conductivity contribution. The ether oxygen/metal ion ratio n is 

given in the figure. 

 

Figure 5. Ion conductivity (a) and loss peak frequency (b) are shown as a function of metal 

ion concentration for polyethylene oxide with added Li and Mg triflate. Lines are drawn as a 

guide for the eye. 

 

Figure 6. High frequency permittivity (a) and normalized relaxation strength per ion pair of 

the loss peak (b) are shown as a function of metal ion concentration for polyethylene oxide 

with added Li and Mg triflate. Lines are drawn as a guide for the eye. The slopes of the lines 

are described by the power-law exponents given in the figure. 



 

Figure 7. Factor F occurring in the Barton-Nakajima-Namikawa (BNN) relation (eq. 3) 

between the ion conductivity, loss peak frequency and relaxation strength, is shown as a 

function of metal ion concentration for polyethylene oxide with added Li and Mg triflate. 

 

Figure 8. Complex impedance plots for polyethylene with added Li triflate, n=16, (a) and Mg 

triflate, n=32 (b). The ether oxygen to metal ion ratio is denoted n. Dots depict original 

impedance data and squares depict the corrected impedance obtained after subtraction of the 

high frequency capacitance (proportional to the permittivity in fig. 6a). Full lines show fits to 

the Davidson-Cole expression, eq (4). 

 

Figure 9. The power-law exponent in the Davidson-Cole expression, eq. (4), is shown as a 

function of metal ion concentration for for polyethylene oxide with added Li and Mg triflate. 

Lines are drawn as a guide for the eye. 
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