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Abstract 
 
Acrylates such as poly (methyl methacrylate) (PMMA) has been widely studied as polymer electrolyte film due to its good mechanical 
stability towards lithium electrode.  However, commercial PMMAs even at high molecular weight are not able to produce flexible films 
due to their polar nature that prone to form interchain crosslinking via hydrogen bonding. Therefore, the formation of hydrogen bonding 

was hindered by incarcerating ionic liquid (IL) of 1-methyl-3-pentamethyldisiloxymethylimidazolium bis(trifluoromethylsulfonyl)imide, 
[(SiOSi)C1C1im] [NTf2] during free radical polymerization of MMA. Interestingly, the synthesized PMMA containing IL (PMMAIL) 
produced flexible and free standing films with ionic conductivity of ~10-7 S cm-1. Though the ionic conductivity obtained is comparable 
with other doped PMMA film electrolytes that had been studied, it is still considered as low for application in energy storage devices. As 
an alternative, in this study, lithium triflate (LiTf) salt was added into the PMMAIL system and the highest ionic conductivity obtained 
was 2.65 ×10-4 S cm-1 with addition of 30 wt.% LiTf at ambient temperature. The temperature dependence conductivity and AC conduc-
tivity behaviour of PMMAIL/LiTf were further investigated in order to fully understand the ion transport mechanism that occurred in the 
system. It was found that the PMMAIL/LiTf system fits the Arrhenius behaviour and Correlated Barrier Hopping (CBH) model.  
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1. Introduction 

Nowadays, the development of polymer electrolyte is of high in-
terest as it is considered as a safer choice if compared to liquid 

electrolyte that is susceptible to leakage and explosion [1]. PMMA 
is an acrylic glass that has been extensively studied as polymer 
electrolyte [2-4] due to its stability towards lithium electrode [5]. 
However, the stability towards lithium electrode could only be 
achieved when PMMA is fabricated in a thin film form. To date 
fabricating PMMA film is a challenge since commercial PMMAs 
produced brittle films [2] which poorly adhere to the electrode 
hence creating additional resistance for the ionic conduction. Sev-

eral modifications have been made to improve the contact between 
the electrode and the electrolyte such as blending it with another 
polymer [2], adding plasticizers [3] or organic fillers [4], etc. 
However, these attempts were mostly unsuccessful due to poor 
mechanical properties caused by plasticizer, agglomeration due to 
the filler and poor homogeneity of the film when blended with 
other polymers. Recently, the addition of ionic liquids, (IL) such 
as 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl) im-

ide [6], 1-butyl-3-methylimidazolium tetrachloroferrate [7] etc. 
have slightly improved the brittleness of the film. However, the 
ionic conductivity achieved is still low, i.e. less than 10-4 S cm-1 
which is below the minimal requirement for application in any 
energy storage devices. This is probably due to the polar nature of 
PMMA that is prone to form interchain crosslinking via hydrogen 
bonding. In our previous work, the formation of hydrogen bonding 
was hindered by incarcerating IL, [(SiOSi)C1C1im] [NTf2] during 

free radical polymerization of MMA. The synthesized PMMA 
containing IL (PMMAIL) produced flexible and free standing films 

with ionic conductivity of ~10-7 S cm-1 [8]. Though the ionic con-
ductivity obtained is comparable with other doped PMMA film 
electrolytes that had been studied [9, 10], it is still considered as 
low for application in energy storage devices. Thus, in this study, 
the ionic conductivity of PMMAIL was further enhanced by addi-
tion of LiTf in order to provide the additional conducting species 
to the system. The ion transport mechanism of PMMAIL/LiTf was 
also determined by investigating the temperature dependence con-

ductivity and AC conductivity behaviour of the system. 

2. Experimental 

2.1. Synthesis of bulk PMMAIL 

The bulk PMMAIL was synthesized by incarceration of 

(SiOSi)C1C1im] [NTf2] during free radical polymerization of 
MMA as previously reported [8]. 

2.2. Preparation of Film 

The bulk PMMAIL was then made into films by solvent casting 
technique [9]. The PMMAIL with wt.% composition of MMA: 
[(SiOSi)C1C1im] [NTf2] (70:30) was chosen to be doped with LiTf 
due to its high ionic conductivity and amorphosity if compared to 

the other compositions [8]. To obtain the salt doped PMMAIL 
films, the solution casting technique was applied using fixed 
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amount of bulk PMMAIL (0.3 g) and varied amount of salt (0-50 
wt.% LiTf). This system was then denoted as Dx-PMMAIL system.  

2.3. Characterization Techniques 

The impedance measurement of the film samples was obtained 

using HIOKI 3532-50 LCR Hi Tester analyzer in the frequency 
range of 100 Hz to 1 MHz at 303K-318 K. From the impedance 
plots obtained, the bulk resistance (Rb) of each sample was deter-
mined and the ionic conductivity (σ) of the samples were calcu-
lated using equation (1) [11]: 
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where Rb is the bulk resistance (Ω), l is the sample thickness (cm) 
and A is the effective contact area of the electrode and the electro-
lyte (cm2). From the impedance data, the dielectric constant (εr), 
dielectric loss (εi), real part of electrical modulus (Mr) and imagi-
nary electric modulus (Mi) were obtained from the following equa-
tions [11]. 
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where C0 is equal to ε0A/t, ε0 is the permittivity of the free space 
(8.85 × 10-14 F cm-1) and ω is angular frequency (ω=2πf). 

3. Results and Discussion 

3.1 Formation of Films 

Solid, transparent, flexible and free standing films were obtained 
when 5, 10, 20, 30 and 40 wt% of LiTf were added into the 
PMMAIL system (Figure 1). However, the addition of > 40 wt% of 

LiTf produced sticky film, thus the sample was discarded and not 
further characterised.  

 

 
Fig. 1: D30-PMMAIL Film 

3.2 Conductivity Studies for Dx-PMMAIL System  

Figure 2 illustrates the variation of ionic conductivity for Dx-
PMMAIL system with different wt% of LiTf at room temperature. 
The ionic conductivity is observed to increase with increasing 
LiTf content up to 30 wt% and then decreases when 40 wt% of 
LiTf was added. Maximum ionic conductivity of 2.65 × 10-4 S cm-

1 was achieved when 30 wt% of LiTf was added into the system. 
Thus, it can be concluded that the incorporation of LiTf had suc-
cessfully enhanced the ionic conductivity of PMMAIL up to three 
order of magnitude from ~10-7 S cm-1 [8] to ~10-4 S cm-1. 
The ionic conductivity of polymer electrolyte system can be as-

cribed as equation below [12]:  
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(6) 

 
where n is the number of charge carriers, q refers to the charge and 
µ is the mobility of the charge carriers. Thus, it can be explained 
that the rise in the ionic conductivity is due to the increase in 
number of charge carrier as the salt content increases. The addi-

tion of >30 wt% of LiTf however leads to a drop in ionic conduc-
tivity and this can be due to the formation of ion pairs or ion ag-
gregates which reduce the number of charge carriers [13]. 
 

 
Fig. 2: Conductivity versus wt% of LiTf for Dx-PMMAIL system 

 
In order to analyse the mechanism of ionic conduction, the ionic 
conductivity of the Dx-PMMAIL system was obtained at different 

temperatures starting from 303K to 318K (Table 1). The graph of 
log σ versus 1000/T for Dx-PMMAIL system is illustrated in Fig-
ure 3. The graph shows linear plots with the regression values 
close to unity (~0.99) indicating that the plots obey Arrhenius rule 
in which the ionic conduction in these materials is thermally as-
sisted and can be expressed as in equation (7): 
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where σ0 is the pre-exponential factor, Ea is the activation energy, 
KB is the Boltzmann constant, and T is the absolute temperature. 
As the plots follow Arrhenius behaviour, the nature of cation 
transport in this system is quite similar to that in ionic crystals 
which use the ion hopping mechanism [14]. Thus, it is suggested 

that the increase in the conductivity with temperature might be due 
to these two factors; (i) the presence of kinetic effect as tempera-
ture increase which helps to assist the transportation of ions via 
ion hopping and also helps to increase the dissociation of salt [11], 
(ii) the increase of the temperature causes the expansion of the 
polymer hence providing more free volume which makes it easier 
for the ions to hop [15]. The Ea can be defined as the energy re-
quired for the ions to successfully hop from one complexation site 

to another. The Ea for each sample is determined from the slope of 
the log σ versus 1000/T and the values obtained are listed in Table 
1. It was observed that the highest ionic conducting sample (D30-
PMMAIL) exhibits the lowest values of Ea indicating that less 
energy is required for ion transportation. 
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Table 1: The σ and Ea for Dx-PMMAIL System  

System 

Ionic conductivity, σ 

(10
-4

 S cm
-1

) 

Ea 

(eV) 

303 K 308 K 313 K 318 K 

D5-

PMMAIL3 
0.008 0.013 0.021 0.033 

0.79 

D10-

PMMAIL3 
0.008 0.014 0.022 0.033 

0.74 

D20-

PMMAIL3 
1.50 2.14 2.90 3.90 

0.53 

D30-

PMMAIL3 
2.65 3.20 3.60 4.10 

0.24 

D40-

PMMAIL3 
0.00005 0.00008 0.00013 0.00029 

0.95 

 

 
Fig. 3: Log σ versus 1000/T for Dx-PMMAIL System 

3.2. Dielectric Studies for D30-PMMAIL 

The dielectric properties for the highest conducting sample (D30-
PMMAIL) at different temperature was further studied. The dielec-
tric constant (ɛr) can be defined as the measure of the stored elec-
tric charges while dielectric loss (ɛi) is the measure of the energy 
loses to align the charges in every cycle of the applied electric 

field [16].  The ɛr and ɛi versus log f are shown in Figure 4. The 
rise of ɛr and ɛi at low frequency indicate that the phenomenon of 
the electrode polarization has occurred as the charges have enough 
time to accumulate at the electrode-electrolyte interface before the 
electric field changes the direction. The reversal rate of the electric 
field increase at high frequency and this provides no time for the 
charges to accumulate at the interface resulting in low ɛr and ɛi 
[16]. It was observed that there is only slight increase of the ɛr and 
ɛi values with each increment of the temperature which means that 

there is no significant difference in the number of charges present. 
Thus, it can be concluded that the increase in temperature did not 
help in dissociation of salt and the increase in conductivity how-
ever is probably due to high temperature which assist in the ion 
transportation and polymer expansion. 
 

 

 
Fig. 4: (a) ɛr versus log f and (b) ɛr versus log f for D30-PMMAIL at Dif-

ferent Temperatures 

 
The real (Mr) and imaginary (Mi) part of electrical modulus repre-
sent the reciprocal of ɛr and ɛi respectively [11]. The variation of 
Mr and Mi versus log f are shown in Figure 5. At low frequencies 
region, Mr and Mi values tend to zero signifying that electrode 
polarization phenomena were almost negligible. There was no 
peak observed in the Mr and Mi plots indicating the absence of the 

relaxation peak as the ions are mobile over a long distances.  
 

 

 
Fig. 5: (a) Mr versus log f and (b) Mi versus log f for D30-PMMAIL at 

Different Temperature  

3.2. AC Conductivity Studies for D30-PMMAIL  

The AC conductivity (σac) studies for the highest conducting sam-
ple (D30-PMMAIL) was done in order to further understand the 
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ion hopping mechanism occurred in the sample. The values of σac 
was calculated according to the equation (8) below [11].  
 

iac  0                           
(8) 

 
where ɛ0 is the permittivity of the free space, ɛi is the dielectric 
loss and ω is angular frequency. In general, the AC conductivity 
can be analyzed using Jonscher’s universal power law [17]. 
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where the σdc is the frequency-independent DC conductivity, A is a 
parameter dependent on temperature, ω is the angular frequency 
and s is the power law exponent which range in between 0 and 1. 
The plot of σac versus log f at different temperature for D30-
PMMAIL is shown in Figure 6. It was observed that the plot exhib-
its two distinct regions which consists of the almost plateau region 
at low frequency and dispersive region at high frequency; repre-
senting DC conductivity (σdc) and AC conductivity (σac) respec-

tively. The value of σdc can be obtained by extrapolating the pla-
teau region to zero frequency and the values were in agreement 
with that calculated based on the impedance plots. 
 

 
Fig. 6: σ(ω) versus log f for D30-PMMAIL 

 
By referring to Jonscher’s universal power law, the conductivity 
dispersion region was represented by σac and can be expressed as: 
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There are a few models which relate the temperature dependence 
of exponent s with the conduction mechanism of the materials. To 
obtain the values of s, equation (11) was derived based on equa-
tion (9) and equation (10): 
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The graph of ln ɛi versus ln ω is plotted according to equation (11) 
and shown in Figure 7. In this study, the acceptable frequency 
range for ln ω is chosen from 8 to 12 as these region shows mini-
mal electrode polarisation effect [18]. 
 

 
Fig. 7: ln ɛi versus ln ω at Different Temperatures for D30-PMMAIL 

 
Then, the values of exponent s were obtained from the slope of the 
ln ɛi versus ln ω graph. The variation of s with temperature is 
shown in Figure 8. The values obtained for s exponent is in be-
tween 0.32-0.40 as the temperature varies from 303K to 318 K. 
The behaviour of s is in agreement with the correlated barrier 
hopping model (CBH) [19] as the s exponent decreases with in-

creasing temperature. Thus, it can be said that the ionic conduction 
occurs through the hopping process of Li+ ions of the salt over the 
potential barrier, suggestively due to the bulky structure of 
[(SiOSi)C1C1im][NTf2] that exists between the two complexation 
sites. 
 

 
Fig. 8: s versus T for D30-PMMAIL 

 
For CBH model, the exponent s can be expressed as [20]: 
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where KB is the Boltzmann constant (8.62 × 10-5 eV.K-1), T is the 
temperature in Kelvin and WM is the binding energy or the energy 
required to move an ion from one complexion site to another one 
[19]. The values of WM are calculated based on equation (12) and 
the plot of WM versus T is shown in Figure 9.  
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Fig. 9: s versus T for D30-PMMAIL 

 
It was observed that the values of WM decreases with increasing 
temperature. This means that, it is easier for the free ions to jump 
over the barrier and bind from one complexation site to another as 
temperature increase. This can be related to the kinetic effect and 

expansion of the polymer which help in the transportation of ions 
as temperature increase [11, 15].  
The power law of exponent s also can be used to predict the ten-
dency of charge carrier to back hop or relax as s is equal to ratio of 
initial backhop rate to initial site relaxation rate [21]. Thus, in this 
study, as s < 1, the possibility for the ion to relax at the new site is 
greater than the possibility to jump back to its initial site and this 
proves the successful of the ‘initial forward’ hop in this system.  

4. Conclusion  

A flexible film with enhanced ionic conductivity up to 3 order of 
magnitude from ~10-7 S cm-1 to ~10-4 S cm-1 was successfully 
obtained when 30 wt% of LiTf was added into the PMMAIL (D30-
PMMAIL). It can be also be concluded that the Dx-PMMAIL sys-

tem follows the Arrhenius behaviour in which the ionic conduc-
tion occurs through the ion hopping mechanism. Further investiga-
tion on the AC conductivity of D30-PMMAIL reveals that it is in 
agreement with the CBH model, which indicates that the Li+ ions 
need to jump over the potential barrier arises from the bulky struc-
ture of ionic liquid, [(SiOSi)C1C1im][NTf2] in order to move from 
one complexation site to another.  
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