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Abstract: To date, poly (methyl methacrylate) (PMMA) in film 

form, exhibited the most mechanical stability towards lithium 

electrode.  Unfortunately, commercial PMMAs even at high 

molecular weight were not able to produce flexible film. This is 

due to the presence of oxygen atoms that incline to form 

interchain crosslinking via hydrogen bonding. Therefore, the 

opportunity of the PMMA chains to form hydrogen bonding was 

hindered by encapsulating 

1-methyl-3-pentamethyldisiloxymethylimidazolium 

bis(trifluoromethylsulfonyl)imide, [(SiOSi)C1C1im][NTf2] during 

free radical polymerization of MMA. It was found that, this newly 

synthesized PMMA containing IL (PMMAIL) produced flexible 

and transparent 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. Thus, 

in this study, the conductivity of the PMMAIL was further 

enhanced by the addition of lithium triflate (LiTf) using solvent 

casting technique. The highest ionic conductivity for this doped 

PMMAIL achieved ~10-4 S cm-1 which fits the minimum 

requirement for energy storage devices. As confirmed from 

Fourier Transform Infrared spectroscopy (FTIR) and Optical 

Microscope (OM) analyses, the increase in ionic conductivity was 

due to the suppression of the semicrystalline structure of PMMAIL 

owing to the added salt. 

 
Index Terms: Ionic liquid, Lithium triflate, PMMA, Polymer 

electrolytes.  

I. INTRODUCTION 

  To date, film type PMMA electrolytes have been 

extensively modified by adding plasticizers [1] or organic 

fillers [2] or blending it with other polymers with lower Tg [3]. 

All these initiatives are to improve its brittleness [3] that 

caused poor contact with the electrode.  This in turn, creates 

air gap between the electrolyte film and the electrode that 

becomes additional resistance for the ionic conduction. 

Unfortunately, these efforts have shown drawbacks such as 
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formation of agglomerates due to excessive addition of 

fillers, phase separation due to incompatibility of PMMA 

with certain polymer during the blending or the mechanical 

properties  of the film became worsen when certain amount 

of  plasticizer was added.  

Recently, the addition of ionic liquids, (IL) such as 

1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl) 

imide [4], 1-butyl-3-methylimidazolium tetrachloroferrate [5] 

etc. have slightly improved the brittleness of the PMMA film. 

However, the ionic conductivity achieved is still below the 

minimum requirement for application in any energy storage 

devices [6]. Therefore, in this study, a new PMMA that has 

been synthesized by encapsulating [(SiOSi)C1C1im][NTf2] 

ionic liquid into the polymer matrix during free radical 

polymerization of MMA (PMMAIL) was used as the main 

polymer host. This PMMAIL alone has exhibited the ionic 

conductivity of ~10
-7

 S cm
-1

 [7] which is comparable with 

other doped PMMA electrolyte films [8]-[9]. The ionic 

conductivity of this PMMAIL will be further enhanced by the 

addition of LiTf as the additional conducting species. 

II. METHODOLOGY  

A. Synthesis of bulk PMMAIL  

The synthesis of bulk PMMAIL via free radical 

polymerization of MMA in IL of [(SiOSi)C1C1im][NTf2] 

was carried out as previously mentioned [7].  

B. Preparation of films  

The bulk PMMAIL was then made into films by solvent 

casting technique [8].The PMMAIL with wt% composition of 

MMA: IL (70:30) was chosen to be doped with LiTf due to 

its high ionic conductivity and amorphosity if compared to 

the other compositions [7]. To obtain the salt doped PMMAIL 

films, the solvent casting technique was applied with fixed 

amount of bulk PMMAIL (0.3 g) and varied amount of salt 

(0-50 wt% LiTf). These films were then labelled as 

PMMAIL, D5-PMMAIL, D10-PMMAIL, D20-PMMAIL, 

D30-PMMAIL, D40-PMMAIL and D50-PMMAIL 

respectively.  

C. Characterization techniques  

The FTIR spectra were recorded in the absorbance mode 

over a frequency range of 4000-600 cm
-1

 with 2 cm
-1

 

resolution using Thermo Fisher Scientific Nicolet iS 10 

equipped with Attenuated Total Reflectance (ATR). Nikon 

ECLIPSE ME 600 optical microscope was used to observe 

the morphology of the films. 
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 The impedance of the films were determined from the 

Cole-Cole plots obtained from HIOKI 3532-50 LCR Hi 

Tester analyzer from 100 Hz to 1 MHz at room temperature. 

From the Cole-cole plots, the bulk resistance (Rb) of the films 

were determined and hence the ionic conductivity (σ) of the 

films were calculated as the equation below [10]. 
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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 electrolyte (cm
2
). From the impedance data, the dielectric 

constant (εr), dielectric loss (εi), real part of electrical 

modulus (Mr) and imaginary electric modulus (Mi) were 

obtained from the following equations [10]. 
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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). 

III. RESULTS AND DISCUSSIONS 

A. Formation of films 

Solid, transparent and free standing films of PMMAIL with 

improved flexibility were obtained when 5, 10, 20, 30 and 40 

wt% of LiTf were added. Above these compositions (50 wt% 

LiTf) the film became sticky and difficult to be peeled off 

from the Teflon dish, thus, the sample was discarded and not 

further characterized. 

B. Morphological Studies 

As shown in Fig. 1, the added LiTf was observed to reside 

inside the grains of the PMMAIL causing the grain size to 

become bigger (Table 1). However, when ≥ 20 wt% of salt 

was added, the grains were no longer observed due to the 

suppression of the semicrystalline structure of the PMMAIL 

hence suggesting the formation of more amorphous phase of 

the system. On the other hand, the excess salt or 

undissociated salt was found to be clumping with addition of 

≥ 20 wt% of LiTf and this phenomenon might be contributed 

by two factors. The first factor is probably due to the large 

molecule of IL that limits the number of LiTf salt that can be 

accommodated in the PMMAIL system. The second factor 

might be due to the low molecular weight of PMMAIL host 

(8.8 × 10
3
 g mol

-1
) [7] which only able to provide a limited 

number of coordinating sites hence preventing the chance for 

more ions to dissociate. At 40 wt% LiTf, the clumping of salt 

became excessive and a congested structure was formed. 

 

 
 

 
 

 
 

 
 

 
 

 
Fig. 1: Optical micrographs for Dx-PMMAIL system (a) PMMAIL (b) 

D5-PMMAIL (c) D10-PMMAIL (d) D20-PMMAIL (e) D30-PMMAIL and (f) 
D40-PMMAIL 
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Table 1: Average grain size for Dx-PMMAIL 

System Average grain size (µm) 

PMMAIL 35 

D5-PMMAIL 38 

D10-PMMAIL 41 

C. FTIR studies 

Fig. 2 depicts the FTIR spectra of the Dx-PMMAIL 

system. The C=O and -OCH3 peaks of PMMAIL were 

observed at 1725 cm
-1

 and 1456 cm
-1

 respectively. The 

intensities of these peaks were reduced when LiTf salt was 

added indicating the formation of polymer-salt complex. The 

shifting of the wavenumber can be related to the strength of 

the interaction between the constituents in the polymer 

electrolytes based on equation below [11]. 

 

hvE                            

(6) 

 

where E equals to energy in Joules, h denotes to Planck’s 

constant and v equals to wavenumber (cm
-1

). As the energy 

(E) is directly proportional to the wavenumber (v), shifting to 

higher wavenumber indicates strong interaction and vice 

versa.  

It was found that the C=O band shifted to lower 

wavenumber indicating that the interaction between the C=O 

and Li
+
 ion of the salt is weaker than the interaction that 

occurred between the ion and the –OCH3 group of the 

PMMAIL that caused the –OCH3 band to shift to higher 

wavenumber. This was due to the occurrence of steric 

hindrances at C=O which gives difficulty for the Li
+
 ions to 

be attached to it. This was supported by the study done by 

Sim et al. [12] which reported that the Li
+
 ions prefer to form 

complexation with the C-O-R (R= CH3, C2H5, etc.) of 

acrylates polymer due to the freedom of rotation for a 

single-bond if compared to the constrained rotation of the 

double bonded C-O group.  

The C-H stretching, S-O stretching and C-F stretching 

peak intensities of IL in PMMAIL at 3152 cm
-1

, 1351 cm
-1

 

and 1051 cm
-1

 respectively were slightly reduced when LiTf 

salt was added hence confirming the interaction between the 

IL and salt. The upshift of the wavenumber for both C-H 

stretching (cation) and C-F stretching (anion) indicates the 

occurrence of strong interaction between IL and salt.  

Upon addition of LiTf to the PMMAIL, new peaks 

representing the triflate anions were observed at ~1030 cm
-1

 

and ~1170 cm
-1

 which can be assigned to the SO3 stretching 

and CF3 stretching respectively. There is no changes in the 

wavenumber for CF3 stretching and the slight increase in the 

wavenumber for SO3 stretching was observed indicating the 

occurrence of weak interaction between PMMAIL and LiTf. 

There was no other new peak observed after the addition of 

LiTf hence proving that there is no chemical bond formed 

between PMMAIL and LiTf and the polymer-salt interaction 

only occurred via dative bond. 

 

 
Fig. 2: FTIR Spectra for Dx-PMMAIL system (i) PMMAIL (ii) D5-PMMAIL 

(iii) D10-PMMAIL (iv) D20-PMMAIL (v) D30-PMMAIL and (vi) 

D40-PMMAIL 

 

The vibrational mode of SO3 can be used to classify 

between the free ions, ion pairs or undissociated ion and ion 

aggregates in the polymer-salt complex which appear in the 

region between 1030-1034 cm
-1

, 1040-1045 cm
-1

 and 

1049-1053 cm
-1

 respectively [12]. Fig. 3 shows the 

deconvolution of the FTIR spectra in the SO3 stretching 

region for Dx-PMMAIL system. 
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Fig. 3: Deconvolution and Band Fitting of FTIR spectra from 1100-1000 

cm-1 for a) D5-PMMAIL b) D10-PMMAIL c) D20-PMMAIL d) 

D30-PMMAIL and e) D40-PMMAIL 

 

The band fitting shows the presence of the characteristic 

peak of PMMA (C-H stretching) at ~1020 cm
-1

, C-F 

stretching of IL at ~1050 cm
-1

 and different ionic species of 

the SO3 stretching at 1040-1030 cm
-1

 for all the samples. The 

SO3 stretching peak observed at 1030-1032 cm
-1

 represents 

the free ions while the peak for ion pairs or undissociated 

ions was observed at 1038-1040 cm
-1

. Interestingly, there are 

no peaks observed for ion aggregates even at highly 

congested sample (D40-PMMAIL). This means that, the 

congestion structure observed for this sample is only due to 

presence of ion pairs or undissociated salt.  

The number density (n), mobility (µ) and diffusion 

coefficient (D) of free ions for Dx-PMMAIL system were 

calculated using the equations below [13]. 
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where %FI refers to percentage of free ions obtained from 

FTIR deconvolution, M is the number of moles of LiTf, NA is 

the Avogadro’s constant (6.02 × 10
23

 mol
-1

) and VT is the 

total volume of components present in the sample. σ is the 

conductivity of the sample at 303 K and e is electron charge 

(1.60 × 10
-19

 C). KB is the Boltzmann constant (1.38 × 10
-23

 J 

K
-1

) and T is 303 K. 

The number density (n), mobility (µ) and diffusion 

coefficient (D) of free ions for Dx-PMMAIL system show 

increasing trend up to the addition of 30 wt% of LiTf (Table 

2). The doping of 40 wt% LiTf however shows reduced 

value of n, µ and D of free ions hence explaining the 

congested structure of the sample as observed in its OM 

analyses (Fig.1). As D30-PMMAIL exhibits the highest value 

of n, µ and D of free ions, thus it is expected to exhibit the 

highest conductivity value. 

 
Table 2: The n, µ and D of free ions for Dx-PMMAIL system 

System Number 

density (n)  

(×1022 cm-3) 

Mobility (µ) 

(×10-10 cm2 V-1 s-1) 

Diffusion 

coefficient (D)  

(× 10-12 cm2 s-1) 

D5- 

PMMAIL 

0.98 5.13 1.34 

D10-PMMA

IL 

1.00 5.34 1.40 

D20-PMMA

IL 

5.38 174 456 

D30-PMMA

IL 

8.64 192 501 

D40-PMMA

IL 

6.29 0.005 0.01 

 

D. Conductivity studies 

Fig.4 show the Cole-cole plots for Dx-PMMAIL system at 

ambient temperature. The plots for PMMAIL and D5-D30 

PMMAIL exhibit depressed semicircle while half semicircle 

was observed for D40-PMMAIL at high frequencies 

indicating the migration of ion in the bulk system [14]. The 

appearance of spike was observed at lower frequencies 

region (except for D40-PMMAIL) and this indicates the 

capacitance characteristic of the samples [15]. 

The conductivity for Dx-PMMAIL system were calculated 

based on (1) and tabulated in Table 3. The conductivity is 

observed to increase with increasing LiTf content up to 30 

wt% and then decrease when 40 wt% of LiTf was added. 

Maximum conductivity of 2.65 ×10
-4

 S cm
-1

 was achieved 

when 30 wt% of LiTF was added into the system. The 

increase in the conductivity values up to 30 wt % of LiTf was 

due to the increase in the n, µ and D of free ions as confirmed 

from the deconvoluted FTIR analyses (Fig.3). Also, the 

increase in the conductivity can be explained by the 

suppression of the semicrystalline structure of PMMAIL with 

20 wt% and above addition of salt as observed in their OM 

analyses (Fig.1). 
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 The ionic conductivity drastically decreases when 40 

wt% of LiTf was added and this can be related to its 

congested structure due to the presence of high amount of ion 

pairs/ undissociated ions hence limiting the n, µ and D of free 

ions as confirmed from its deconvoluted FTIR analyses 

(Fig.3). 

 

 
 

 
 

 
 

 
 

 
 

 
Fig. 4: Cole-cole Plots for a) PMMAIL b) D5-PMMAIL c) D10-PMMAIL 

d) D20-PMMAIL e) D30-PMMAIL and f) D40-PMMAIL 

 
Table 3: The Ionic Conductivity for Dx-PMMAIL System at Room 

Temperature 

System Ionic conductivity, σ 
(S cm-1, 303 K) 

PMMAIL 1.72 × 10-7 

D5-PMMAIL 8.57 × 10-7 

D10-PMMAIL 8.12 × 10-7 

D20-PMMAIL 1.50 × 10-4 

D30-PMMAIL 2.65 × 10-4 

D40-PMMAIL 5.27 × 10-9 

 

The dielectric studies were carried out in order to 

investigate the conductivity behaviour of the Dx-PMMAIL 

system based on composition dependence. Both the plots of 

ɛr and ɛi versus frequency were presented in Fig. 5 (a) and 

Fig. 5 (b) respectively. The rise of ɛr and ɛi at low frequency 

indicates that the electrode polarization and space charge 

effects have occurred. The polarization happened as the 

charges have enough time to accumulate at the interfaces 

before the electric field changes direction. At high 

frequency, the reversal rate of the electric field increase 

giving no time for the charges to accumulate at the interface 

resulting in low ɛr and ɛi [16]. 

Fig. 5 (c) and Fig. 5 (d) show the variation of the real (Mr) 

and imaginary (Mi) part of electrical modulus as a function of 

frequency respectively. At low frequencies region, Mr and Mi 

values tend to zero signifying that electrode polarization 

phenomena were almost negligible. 
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 The appearances of relaxation peaks were detected in the 

Mi plots of the D5-PMMAIL and D10-PMMAIL compositions 

at high frequency region due to low ionic mobility 

contributed by their semicrystalline structure as observed in 

Fig. 1. There was no peak observed for addition of more than 

10 wt% LiTf and the peak is expected to occur at higher 

frequencies, which confirm that the charges are mobile over 

longer distances [16] due to their high ionic mobility. 

 

 

 

 
Fig. 5: (a) ɛr vs. log f, (b) ɛi vs. log f, (c) Mr vs. log f and (d) Mi vs. log f for 

Dx-PMMAIL at 303 K 

IV. CONCLUSION 

Solid, flexible, transparent and free standing films were 

successfully obtained with the addition of <50 wt % LiTf 

into the PMMAIL matrix. The FTIR analyses confirmed that 

the interaction had occurred between the two potential 

coordinating sites of PMMA and the lithium cation of the salt 

via dative bond.  The highest ionic conductivity achieved 

was 2.65 ×10
-4

 S cm
-1

 with the incorporation of 30 wt% of 

LiTf. This is due to the suppression of the semicrystalline 

structure of PMMAIL that lead to the formation of more 

amorphous phase which contribute to the highest value of n, 

µ and D of free ions of the sample. 
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