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ABSTRACT:  

Poly(ethylene oxide) (PEO) based solid polymer electrolytes (SPEs) have attracted much 

interest due to their high ionic conductivity resulting from inherently fast segmental dynamics 

and high salt solubility, yet they lack mechanical stability in their neat form. Blending PEO 

with another rigid, or high glass transition temperature, polymer is a versatile way to improve 

the mechanical stability; however, the ionic conductivity is strongly reduced due to slower 

segmental dynamics of highly interpenetrating linear polymer chains. In this work, we used 

model PEO-PMMA blend systems prepared with various well-defined PEO architectures 

(linear, stars, hyper-branched and bottlebrushes) doped with lithium bis(trifluoromethane-

sulfonyl)-imide (LiTFSI), and investigated, for the first time, the role of macromolecular 

architecture of PEO on crystallization, segmental dynamics and ionic conductivity in the blends 

and electrolytes. The results suggest that room temperature miscibility of these polymers can 

be dramatically extended by using non-linear PEO in the blends instead of linear chains which 

crystallize above 35 wt. %. The broadband dielectric spectroscopy results revealed enhanced 

decoupling of PMMA and PEO segmental dynamics in compact branched architectures which 

helps to achieve faster segmental motion of star PEO in glassy PMMA. This manifests as nearly 

3 fold higher ionic conductivity in these nonlinear blends compared to the conventional linear 

PEO-PMMA system. Overall, our results show that macromolecular architecture can be a new 

tool to decouple segmental dynamics and ion mobility to rationally design SPEs with improved 

performance. 

 



 

INTRODUCTION 

Polymers and their blends have been widely applied in various industries from 

aerospace and electric vehicles to consumer electronics and energy storage devices.1-6 For most 

of these applications, lithium-ion batteries play a significant role, in which electrolytes are very 

critical for transporting positive lithium ions between electrodes.7 Liquid electrolytes that are 

currently in use are often flammable, volatile, toxic, and more prone to short circuit and 

leakage, leading to environmental and safety concerns.8-10 To overcome these disadvantages, 

solid polymer electrolytes (SPEs) have emerged as alternative systems for the fabrication of 

sustainable lithium-ion batteries.8-10 While SPEs provide decent mechanical stability,11, 12 

deformability13 and biocompatibility,14 their low ionic conductivity at room temperature (<10-

5 S/cm)12 compared to the liquid electrolytes (~10-2 S/cm)12  remains as a major challenge for 

their commercial use.15 

Linear poly(ethylene oxide) (PEO) has gained significant attention as SPE11, 15-17 due 

to its excellent characteristics including fast segmental dynamics as well as the ability of form 

complexes with  a wide range of different lithium salts. It is generally believed that ion 

conduction occurs in the amorphous phase where ion transport is coupled with segmental 

dynamics.11, 15, 16, 18-23 At room temperature, however, PEO is a semi-crystalline polymer with 

an ionic conductivity ranging between 10−6 − 10−8 S/cm,17 in which crystalline regions 

impede ion transport (see Figure 1a for scheme). The ionic conductivity increases up to 10−3 

S/cm above its melting temperature (𝑇𝑚 = 60℃),17 yet with severe reduction in mechanical 

strength, which limits its application in a solid-state battery. To overcome these drawbacks in 

relation to crystallization and mechanical stability, one method is to blend PEO with another 

polymer that can provide mechanical rigidity and eliminate crystallinity.11, 19-21 In this sense, a 

high glass transition temperature (Tg) polymer poly(methyl methacrylate) (PMMA) is 

commonly used (Figure 1b). Incorporation of PMMA significantly increased the mechanical 



 

properties such as elastic modulus, young’s modulus, as well as tensile strength for 

PEO/PMMA blend while it decreased the elongation at break.24 The elimination of crystallinity 

requires thermodynamic miscibility of the polymers. Due to a slight attractive interaction 

between PEO and PMMA (χ ranges between -0.005 to -0.001),25 the system is shown to be 

miscible up to 370 K.26 Moreover, studies showed that crystallization of linear PEO in the 

blends is observed at concentrations exceeding 30% PEO.27-29 Also, the large difference 

between the Tg’s of the homopolymers (ΔTg ∼200 K) causes significant slowdown of linear 

PEO segmental dynamics with the addition of PMMA.30-32As the lithium-ion transport occurs 

primarily in the amorphous phase, and is coupled with the segmental dynamics, increasing the 

amount of PEO without forming crystalline regions at higher concentrations and accelerating 

the segmental dynamics in the amorphous phase in the blend could further enhance the 

electrolyte performance. In this study, we show that both miscibility and dynamics of PEO in 

the blends with PMMA could be significantly enhanced when ‘non-linear’ PEO architectures, 

instead of commonly used linear chains, are employed.  



 

 

Figure 1. (a) Schematic depicting Li+ ions in a semi-crystallized PEO electrolytes. (b) Sketch 

of an amorphous blend of Linear PEO/PMMA doped with Li+ ions. (c)Schematic 

representation of linear and various non-linear topologies of PEO in blends with PMMA.  

Several studies on the ‘neat’ PEO showed the effect of polymer topology on 

crystallization.15, 33-35 Zardalidis and co-workers34 investigated the dependence of 

crystallization on molecular weight and architectures including linear and ring topologies and 

revealed that PEO with ring architecture exhibited lower crystallinity and apparent melting 

temperature compared to the linear analogue due to its more strained structure. In another work, 

Chen et al.36 compared the degree of crystallization in linear and star PEO architectures (3-

arms and 4-arms) and reported the crystallinity of star polymers was approximately 20% lower. 

Similarly, Coppola and co-workers studied crystallization of poly(ethylene oxide) star 

polymers of varying arm number and size and unveiled a slower crystallization kinetics of the 

stars compared to their linear analogues due to the high degree of branching with slowed 



 

diffusivity.33 Moreover, studies conducted by Yao et al.35 and Lee et al.37 showed that the 

crystallization of hyperbranched Poly(ethylene oxide) effectively decreased when compared to 

linear one because of the increased number of branching. These previous findings suggest that 

using non-linear PEO architectures can increase the fraction of amorphous PEO phase in which 

the ions are transported within SPEs, therefore, the PEO/PMMA blends have a significant  

potential to enhance the ionic conductivity when the nonlinear PEO architectures are used is 

the SPEs.  

Also, the effect of free volume, which results from the free spaces between monomers 

along the (same or different) polymer chains,38 on ionic conductivity was investigated by 

various studies in PEO-based SPEs.18, 22, 38, 39 The increase in free volume in the polymer matrix 

resulted in assisted ion migration, enhancing the ionic conductivity in these SPEs. Recent 

studies confirmed that the hampered crystallization of PEO due to the addition of nano-fillers 

or other polymers could increase the free volume.25, 40 Furthermore, it is known that increasing 

number of branches in the non-linear topologies resulted in a decrease in crystallization, 

increasing free volume.41, 42 The ion-migration within SPEs, known as hopping mechanism, is 

well established, in which the available free volume helps lithium ions to transport through 

hopping provided by the polymer segmental motions.18, 22, 38, 39 In this manner, Utpalla et al.38 

investigated the role of free volume and segmental dynamics on the ion conductivity of PEO 

based SPEs and found the increase in free volume with the addition of inorganic nano-fillers 

enhances the free volume fraction and decreases the crystallinity of pure PEO by increasing 

free available spaces between polymer chains, thus promotes the ionic conductivity. Similarly, 

Michael et al.43 reported that the polymer chains leaning to coil up around nano-fillers added 

into PEO pawed the way for the transportation of Li+ ions by providing the additional free 

volume as a result of decreasing crystallization. It is known that increasing number of branches 

in the non-linear topologies can result in an increase in free volume41, 42 due to enhanced 



 

number of chain ends compared to the linear chains. Here, we take  the advantage of enhanced 

free volume due to increased number of free end-groups in non-linear PEOs and suppressed 

crystallization arising from branching as well as PMMA addition to facilitate transportation of 

Li+ ions  in PEO/PMMA blend electrolytes.  

Very recently, the ionic conductivity in PEO/PMMA based solid polymer electrolytes 

(SPEs)11 was investigated with star PMMA and linear PEO. Glynos and his co-workers 

revealed that the star PMMA in blends with linear PEO led to extremely fewer contacts 

between PEO and PMMA segments in comparison to the linear PMMA/PEO blends, giving 

rise to faster PEO segmental dynamics, thus resulting high ionic conductivity.11 However, the 

key fundamental questions about the role of polymer topology on the polymer-polymer 

miscibility, the component segmental dynamics and correspondingly the ionic conductivity 

remain unanswered. In this work, we used various PEO topologies including linear, 4-arms, 8-

arms, hyperbranched (6th generation, 6G) and bottlebrush, and dispersed in linear PMMA 

matrices to make a novel SPEs and investigated the role of polymer compactness, branching 

and interpenetration on phase behaviour, local dynamics, and ionic conductivity in polymer 

blend electrolytes.  

 

EXPERIMENTAL METHODOLOGY  

 

Materials 

 

The PMMA homopolymer (MW~120kDa), linear PEO, hyperbranched (6th generation) 

PEO, and Lithium bis(trifluoromethane)sulfonamide, LiTFSI salt were purchased from Sigma-

Aldrich. 4-arms and 8-arms star PEO were supplied by Creative PEGWorks. The bottlebrush 

PEO was synthesized in Center for Nanophase Materials Science (CNMS) of Oak Ridge 

National Laboratory. All polymers were used as received without modification. Table 1 

displays their functionality, molar masses, and dispersities.  



 

Table 1. Molecular characteristics of the PEO samples used in this study. 

PEO 

architecture 

Short 

name 

Functionality 

/Arm 

number (f) 

Total 

molecular 

weight 

(Mn) 

[kg/mol] 

Arm 

molecular 

weight 

[kg/mol] 

Dispersity 

(D) 

Linear L20 2 20 10 1.10 

4-arms star 4F20 4 20 5 1.03 

8-arms star 8F20 8 20 2.5 1.10 

Hyperbranched  HB6G 6th generation 35 NA <1.5 

Bottlebrush BB 80 32 0.35 <1.2  

 

Preparation of salt-free blend samples 

Blends of various compositions of (PEO/PMMA) with topologies of linear 

(MW~20kDa), 4-arms star (MW~20kDa), 8-arms star (MW~20kDa), HB6G (MW~20kDa), 

bottle brush (MW~20kDa) PEO as well as pure PEO and PMMA were prepared by the solution 

casting technique. Polymers at desired ratios were first dissolved in chloroform at 30 mg/ml.  

Then, the solutions were stirred with a magnetic stirrer at room temperature for 6 hours. The 

solutions were then cast onto either glass petri dishes, and evaporated slowly for overnight at 

room temperature. Then, the dry films were transferred into a vacuum oven and annealed for 

48 hours at 150℃ to remove residual solvent. Finally, dielectric samples were prepared by hot 

pressing in a vacuum environment to form discs of 20 mm diameter and 200μ thickness. 

Preparation of Polymer Electrolytes 

The desired amount of the lithium bis(trifluoromethane)sulfonamide, LiTFSI, was 

dissolved in acetonitrile, stirred for 48 hours. Then the disc samples were doped with 

(Li/EO=0.085) LiTFSI by solution uptake. The electrolytes were first dried at room 

Commented [EŞ1]: @Kunlun, can we say this or another 
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temperature for overnight in glovebox filled with Argon and annealed at 120℃ in vacuum oven 

for 48 hours to ensure complete removal of the solvent. 

Characterization 

X-ray Diffraction (XRD): The XRD patterns of the pure PMMA, PEO and PEO/PMMA blends 

were recorded using the Bruker D2 Phaser – X-ray diffractometer with Cu K (𝛼) source. The 

diffraction data were obtained at room temperature with the Bragg’s angles (2θ) varying from 

10 to 50 degrees.  

Modulated differential Scanning Calorimetry (MDSC): The temperature modulated 

differential scanning calorimetry (MDSC) samples were prepared by putting ∼8-10 mg of 

material in aluminium pans provided by TA Instruments. MDSC experiments of the pure 

PMMA, PEO and PEO/PMMA blends were carried out with a TA Instruments DSC25 

instrument equipped with a liquid nitrogen cooling system. An aluminium pan was used as the 

reference. To get rid of the temperature history completely, all the samples were heated to 180 

℃ and waited there for 5 minutes. Samples were then quickly cooled down to -85℃ at the rate 

of 20 ℃/min. DSC scans were then collected during heating of the sample in modulated 

temperature mode at the ramp rate of 1 ℃/min with a modulation amplitude ±0.5℃  and period 

of 60 s.   

Broadband Dielectric Spectroscopy (BDS): Dielectric relaxation spectra are obtained in the 

frequency range of 10−2 − 107 Hz and the temperature range of 30℃ to 90℃ using an Alpha 

A analyzer (Novocontrol Co.).  BDS measurements for linear and non-linear PEO/PMMA 

blends were performed with a temperature increase of 10℃ and 30℃, respectively. At each 

temperature increase, the experiments were started once the temperature stability was reached 

within 0.05 K interval. After the experiments at high temperatures were over, we let the sample 



 

cool to temperatures lower than 50℃, and only then the new sample was placed into the sample 

holder for the next measurements.  

Electrochemical Impedance Spectroscopy (EIS): Impedance characterization was carried out 

using an Autolab Potentiostat Galvanostat PGSTAT (Metrohm, Netherlands) in two-electrode 

configuration for all PEO/PMMA blend electrolytes. This arrangement was used to investigate 

electrode properties in solid-state systems. The measurement frequency was varied between 1 

Hz to 1 MHz. Each SPE blend disc was sandwiched between two stainless steel blocking 

electrodes under argon environment in a glove box located at Koç University Boron and 

Advanced Materials Application and Research Center (KUBAM) and sealed in MTI Split Cell  

to measure the complex impedance spectra. After waiting for the temperature stabilization of 

0.1℃, the experiments were also carried out at various temperatures including 30, 60, and 

90℃, respectively. The data was analysed to characterize real and imaginary impedances using 

the NOVA software. 

RESULTS and DISCUSSION 

Effect of PEO Architecture on the Crystallization in PEO/PMMA blends 

We investigate the crystallization of neat PEO homopolymers and their blends with 

PMMA using XRD at room temperature. Figure 2 displays the concentration dependent 

intensity profiles for L20, 8F20 and BB PEO (see the results for 4F20 and HB6G in Figure S1). 

The peaks observed for the neat PEO samples at 2θ=19° (120-plane) and 23° (032-plane) 

confirmed the semi-crystalline nature of PEO11, 17, 44 and are the characteristic peaks of 

monoclinic lattice as the primary crystal structure.34 Furthermore, regardless of the structural 

changes in PEO topologies, the positions of these peaks did not change, implying the primary 

monoclinic crystal structure as well as relative d-spacing of the predominant (120) and (032) 

planes are retained. Additionally, we found the degree of neat PEO crystallinity for different 



 

architectures severely decreased with the number of branching. The representative crystallinity 

ratios are indicated by TableS1. 

 

Figure 2.  XRD results for (a) linear and non-linear topologies of PEO namely (b) 8-arms star 

and (c) bottle brush in blends with PMMA over a wide PEO composition (d) Crystallization 

phase map for various PEO architectures  in blends with PMMA with respect to extensive PEO 

weight faction  

The addition of PMMA resulted in suppression of semi-crystalline nature of PEOs 

drastically, as also shown  in previous studies in linear PEO/PMMA blends.27, 45-47 However, 

we show here that the degree of suppression changes differently based on the PEO topology. 

The linear PEO blended with PMMA crystallizes over 35wt% PEO in the blends whereas in 

the case of non-linear architectures, the amorphous blends containing higher amount of PEO 



 

(up to 100%) can be formed. Specifically, in the case of 4-arms and 8-arms stars, the amorphous 

blends are obtained at 40% PEO concentrations, whereas this number can even reach up to 

50% for the hyperbranched PEO. In the most extreme case, bottlebrush PEO (BB) was 

amorphous in its neat form and in blends with PMMA at all compositions, due to its densely 

grafted short side chains impeding formation of close-packed structure. Figure 2d displays the 

resulting phase diagram. The degree of crystallinity estimated using TMDSC are displayed in 

Table S1. All these results indicate that the crystallization in PEO/PMMA blends can be 

eliminated more effectively using PEO chains with high degree of branching. To the best of 

our knowledge, such a topology dependent crystallization in miscible blends is investigated for 

the first time in this work. As the ion transport is mediated by the amorphous phase of SPEs, 

this approach is of practical importance.  

We chose 20% PEO concentration, where all blends are in the amorphous phase, to 

investigate the role of polymer architecture on dynamics, including glass transition, and 

segmental motion.  

Effect of PEO Architecture on the Glass transition  

We first investigate the effect of PEO topology on the glass transition in PEO/PMMA 

blends using modulated differential scanning calorimetry (TMDSC). Figure 3a shows the 

specific heat capacities (Cp’s) of neat PMMA and the blends with 20% PEO having different 

architectures. We found glass transition temperatures of neat PMMA and PEO with various 

architectures around 394 K and 220 K, respectively, in agreement with the previous reports 

(see Table S2 in Modulated differential scanning calorimetry (MDSC) results section for the 

details of Tg values for different PEO topologies).18, 19, 21, 30, 48 Since PMMA is the majority 

component, the heat flow in the blends is overwhelmed by PMMA signal. It is seen that the 

PMMA glass transition temperature in the blends shifts to lower values due to enhanced 



 

mobility provided by low-Tg PEO segments. Even from the raw Cp data, it is evident that the 

transition is strongly architecture dependent.  

Apart from the experimental techniques, several mathematical methods have been 

developed for estimating the glass transition temperature of mixtures from knowledge of the 

properties of the pure components. One of the most widely used equations for predicting glass 

transition temperatures of amorphous mixtures is the Fox equation given by the Eq.1:31 

 
1

𝑇𝑔(𝜙)
=

𝜙

𝑇𝑔
𝑎 +

1−𝜙

𝑇𝑔
𝑏    (1) 

where 𝑇𝑔(𝜙) and 𝑇𝑔
𝑎 as well as 𝑇𝑔

𝑏 are the glass transition temperature of the mixture and of 

the components, respectively, and 𝜙 is the weight fraction of component a. This model 

estimates one Tg, around 340 K for all blend systems, accounts for the glass transition 

temperature of the mixture using Tg values of the neat components and their weight fraction in 

a binary polymer blend. However, we observed two glass transition temperatures (Tg’s): one 

located at lower temperatures corresponding to the glass transition of the faster component, 

PEO, in the system and another one positioned at higher temperatures attributed to the slower 

component, PMMA. Although these polymers are miscible at macroscopic level,  they are not 

homogenous at monomer level due to chain connectivity. Thus this forms a local heterogeneity, 

leading to concentration fluctuations in which some local regions spontaneously rich in one of 

the components in a binary polymer blend.31 This results in an average composition of the local 

environment around any chosen segment in comparison with the bulk composition is enriched 

in the same species, called as effective concentration.31 This results in two composition-

dependent Tg’s (namely ‘effective’ Tg’s) in binary blends (see Modulated differential scanning 

calorimetry (MDSC) results section in the Supporting Information for the details of the Lodge-

McLeish model).31 To highlight the effective Tg’s in the blends, the temperature derivative of 

the heat capacities are used (see Figure 3b). We fit a Gaussian ∝ exp[−(𝑇 − 𝑇𝑔)
2

/ (2(∆𝑇𝑔)
2

) 



 

to find 𝑇𝑔 and the entire peak widths at half-maximum height (∆𝑇𝑔) values more precisely.49 

The resulting effective Tg’s are given in Table 2 and displayed in Figure 3c. 

Table 2. 𝑇𝑔 and the transition width (∆𝑇𝑔) for all polymer blends, and its electrolytes 

containing 20wt% PEO with various PEO architectures. 

Sample 

 BLEND 
BLEND 

ELECTROLYTE 

PEO PMMA  PEO PMMA  

Tg,eff, 

K 
∆Tg, K 

Tg,eff, 

K 
∆Tg, K Tg,eff, K Tg,eff, K 

L20 248.03 38.09 333.15 29.07 259.69 342.12 

4F20 244.15 45.23 338.73 59.8 248.72 347.68 

8F20 240.62 30.56 330 22.29 245.75 344.38 

HB6G 260 32.48 360.5 36.51 266.15 371.57 

BB 218.65 20 387.93 8.94 221.7 388.5  
 

 

In addition, in comparison of 𝑇𝑔−𝑒𝑓𝑓  values of PMMA in the blends with the 𝑇𝑔 of neat PMMA, 

we found 𝑇𝑔−𝑒𝑓𝑓  values were greatly shifted to the lower values due to increased mobility 

provided by low-Tg PEO segments. We also observed this transition was highly dependent on 

the PEO topology. It was seen the highest decrease in 𝑇𝑔−𝑒𝑓𝑓  values of PMMA happened to be 

in blends with L20. The moderate increase in the number of branching in PEO architecture 

such as 4-arms and 8-arms stars slightly changed the degree of this decrease in 𝑇𝑔−𝑒𝑓𝑓 values. 

Nevertheless, the shifts in 𝑇𝑔−𝑒𝑓𝑓  of PMMA in blends with HB6G and BB, PEO architectures 

with the highest degree of branching, were significantly slowed down, leading the closest 

𝑇𝑔−𝑒𝑓𝑓  values in these blends to the 𝑇𝑔 of neat PMMA.  These findings are highly in accordance 

with our hypothesis that less interaction and interpenetration between PEO and PMMA was 

present in the case of non-linear PEO/PMMA blends.  



 

 

Figure 3.  The dependence of the reversible heat flow (a) and its derivative (b) with respect to 

temperature for PEO with various topologies including linear, 4-arms, 8-arms, hyperbranched 

and bottle brush in blends with PMMA as well as neat PMMA. (c) The comparison of the 

experimental effective glass transition (Tg-eff) values for PEO and PMMA with the estimations 

obtained from DSC (Red and purple for filled squares and circles account for experimentally 

obtained values for Tg-eff  of PMMA and PEO for blends and its electrolytes, respectively), 

Lodge-McLeish model (Red and purple stars with lines account for LM model estimated values 

for Tg-eff  of PMMA and PEO for blends, respectively) and Fox model (Shaded region represent 

Fox model estimates for the blend 𝑇𝑔 values) 

We would like to emphasize that the Lodge-McLeish model has been tested by many 

studies with no emphasis on topological changes for these PEO/PMMA.32, 49-54 Recently, 

Lodge et al.32, 50 investigated the miscible blend system consisting of poly(ethylene oxide) 



 

(PEO) and poly(methyl methacrylate) (PMMA) over the entire composition range using 

differential scanning calorimetry (DSC) to further comprehend the existence of two glass 

transition phenomenon. In their work, two distinct glass transition temperatures were clearly 

found in the mid-composition range.32, 50 In a different work, Colmenero and co-workes49 

examined the same polymer blend system through Modulated differential scanning calorimetry 

(MDSC) which depends on the changes in the heat capacity (Cp) of polymer samples and the 

presence of two glass transition temperatures within a certain composition for the PEO/PMMA 

blend was validated. Other significant studies applying the Lodge and McLeish model to 

PEO/PMMA blends have also confirmed the presence of two effective glass transition 

temperatures for the PMMA in PEO/PMMA blends.52, 53, 55 Our results are also consistent with 

these previous findings in terms of the existence of two effective glass transition temperatures. 

However, our experimentally obtained results through TMDSC quantitatively differed. In this 

context, the Figure 3c shows the comparisons between experimentally obtained  𝑇𝑔−𝑒𝑓𝑓 values 

for PEO and PMMA and the estimations obtained using the prevalent mathematical models 

including Lodge and McLeish (self-concentration model) and Fox model. Regardless of the 

different topological changes in PEO topologies, both Lodge-McLeish and Fox Models were 

overestimating  𝑇𝑔−𝑒𝑓𝑓 values for PEO, however they were generally better at predicting  

𝑇𝑔−𝑒𝑓𝑓  values for PMMA in all blends investigated. It appears that the theoretical self-

concentration formulations which have been commonly used for linear polymer blends need to 

be modified when estimating the effective Tg’s in blends with non-linear topologies. 

Nevertheless, the research of this paper is not essentially interested in investigating the Lodge-

McLeish model for non-linear polymer blends, which will be the subject of another work.  

          We finally analysed the PEO/PMMA/LTFSI based polymer electrolytes for the same 

PEO topologies including linear, 4-arms, 8-arms, hyperbranched and bottle brush. The 

reversible heat flow (a) and its derivative with respect to temperature (b) for 



 

PEO/PMMA/LTFSI based polymer electrolytes with regards to various PEO topologies 

including linear, 4-arms, 8-arms, hyperbranched and bottle brush in blends are given in Figure 

S2 (see Modulated temperature differential scanning calorimetry results section in the 

Supporting Information for the details).  Based on the derivative of the reversible heat flow 

with respect to temperature, estimated 𝑇𝑔 effective values for PEO and PMMA using the 

derivative of the reversible heat flow with respect to temperature are shown in Table 2. We 

observed the architectural dependent transitions in the 𝑇𝑔−𝑒𝑓𝑓 values of PMMA for all blends  

containing lithium salt (given in dots symbols in Figure 3c), thus the changes in the segmental 

dynamics associated with different polymer architectures and observed in salt-free samples in 

dielectric spectroscopy (discussed below) are effective also in the blend electrolytes.  

Effect of PEO Architecture on the Segmental Dynamics and Ionic Conductivity 

We next investigated the relaxation behaviour of the blends using broadband dielectric 

spectroscopy (BDS). Our aim here is to understand how different polymer topologies influence 

the segmental dynamics; thus, we use the salt-free blends at 20% PEO concentrations. Figure 

4a and 4b display some representative  dielectric spectra along with fits for neat PMMMA and 

its 20wt% PEO blends  at two different distinctive temperatures, specifically 328 K (lower than 

Tg, eff, PMMA) and 348 K  (higher than Tg, eff, PMMA for blends with linear and star PEOs).  The 

dielectric loss spectra of PMMA and its 20wt% PEO blends (Figure 4a) at 328 K showed two 

processes, β-relaxation, and DC conductivity. However, at 348 K (Figure 4b) the α-relaxation 

of PMMA is also observed for L20, 4F20 and 8F20. Therefore, at 328 K, one Havriliak–

Negami (HN) function was sufficient to define the PMMA dynamics for its neat form and 

respective blends with different PEOs whereas at 348 K, two Havriliak-Negami (HN) functions 

could define the relaxation involving β and α processes. In the frequency domain, the HN 

function is given as:56 



 

 𝜀∗ = 𝜀∞ +
∆𝜀

[1+(
𝑖𝜔

𝜔0
)

𝑎
]

𝑏      (2) 

where 𝜔 = 2𝜋𝑓 is the angular frequency, and 𝜔0 = 2𝜋𝑓0 is a characteristic angular frequency 

related with the dielectric loss peak frequency (𝑓𝑚𝑎𝑥). The relaxation strength ∆𝜀 accounts for 

the difference between the real permittivity for low-frequency limiting value and that for high-

frequency limiting value 𝜀∞. The HN fitting parameter a is related to the broadness of the 

relaxation spectrum, while the parameter b describes its asymmetry, (0 < a, b< 1). 

 We found shape parameters for high and low frequency domains at 323 and 348 K 

is dependent  on PEO topology. It is well established that the α-relaxation peak shape is 

correlated with segmental motions and essentially influenced by heterogeneity57. It is seen that 

values for a parameter in the low frequency domain at 348 K increase with the increasing 

number of branching while b remains almost unchanged. These results suggest that the PMMA 

α-relaxation spectra of the linear PEO/PMMA blend is broader than the non-linear ones. 

Furthermore, the values for the low frequency domain at 348 K are hardly affected by PEO 

topology whereas b values decrease in the case of non-linear blends, indicating that β relaxation 

spectra being more asymmetric as degree of branching become higher.  Also, a parameter for 

323 K increase with decreasing b values as more compact PEO was employed. Smaller a and 

higher b values indicate the spectra for the β relaxation becomes narrower and less symmetric 

when non-linear PEO/PMMA blends are employed, suggesting more heterogeneous dynamics. 

The shape parameters (a, b) resulting from HN fitting for high frequency and low frequency 

relaxation dynamics at 323 and 348 K are summarized in Table S6 (see Broadband Dielectric 

Spectroscopic Analysis (BDS) results section in the Supporting Information for the details).  

       



 

 

Figure 4.  The frequency dependence of the dielectric relaxation data at 323 K and 348 K (b) 

along with HN fits in linear and non-linear PEO/PMMA blends. The temperature dependence 

of β relaxation (c) for neat PMMA, linear, 4-arms, 8-arms, hyperbranched, and bottle brush 

PEO architectures , and α relaxation dynamics (d) for PMMA in blends with various PEO 

architectures  including only linear, 4-arms, and 8-arms.   

 Figure 4c and 4d show the relaxation times as a function of temperature for β and 

α processes of PMMA in its neat form and its 20%wt PEO blends ,respectively. For all samples 

within the temperature of investigation, we observed the β relaxation process following the 

Arrhenius behaviour expressed as:56, 58-61 

 𝜏𝛽 = 𝜏0𝑒𝑥𝑝
(

𝐸𝛽
𝑅𝑇

)
     (3) 



 

where 𝜏0 is the reference time, 𝐸𝛽 is the active energy of relaxation, and R is the gas constant 

number (8.314
𝐽

𝑚𝑜𝑙 𝐾
). Based on these Arrhenius fits, the activation energy (𝐸𝛽) and 𝜏0 for pure 

PMMA were calculated as 7.55 kJ/mol and 1.86 ∗ 10−15 s, which is in very good agreement 

with the reported results.56, 58, 60, 61 All the results regarding the activation energy (𝐸𝛽) and 

reference time (𝜏0) for L20, 4F20, 8F20, HB6G, and BB PEO architectures in the blends are 

summarized in Table S3 (see Broadband Dielectric Spectroscopic Analysis (BDS) results 

section in the Supporting Information for the details). Furthermore, it was seen that α relaxation 

for PMMA dynamics in all blends with PEO decreased with temperature following a Vogel-

Tamman-Fulcher VFT type of behaviour given by:55 

 𝜏𝛼 = 𝜏∞𝑒𝑥𝑝
(

𝐵

𝑇−𝑇𝑣
)
     (4) 

where 𝜏∞ accounts for the extrapolated relaxation time at infinite temperatures, B, and Tv are 

VFT constants for a given component in a particular blend. VFT parameters for 20wt% blends 

of L20, 4F20, and 8F20 are given by Table S4 (see Broadband Dielectric Spectroscopic 

Analysis (BDS) results section in the Supporting Information for the details).   

 We specifically observed PMMA segmental dynamics in blends with L20 to be 

faster due to enhanced mobility provided by low Tg-PEO, resulting declines in its relaxation 

times. More strikingly, compared to the linear blend, it was found that the α relaxation of 

PMMA is slower in the case of non-linear PEO architectures, including 4-arms and 8- arms 

stars, (see Figure 4d). As the compactness increases with branching, the interpenetrability of 

PMMA and PEO decreases with increasing number of arms; thus PMMA in the presence of 8 

arms-star PEO exhibit slower segmental dynamics. Using the argument, the influence of 

PMMA on the slowing down of PEO segmental motion is also less in the case of non-linear 

topologies. Therefore, the PEO segmental dynamics is expected to be faster in the non-linear 



 

PEO/PMMA blends when compared to the linear counterpart. This suggests that higher ionic 

conductivity in non-linear polymer blend electrolytes can be realized. 

 To test this hypothesis, we prepared PEO/PMMA blend electrolytes containing 50 

wt.% PEO and LiTFSI at [Li+]/[EO] = 0.085 ratio.    

 

Figure 5.  The ionic conductivity measurements with corresponding Arrhenius fit lines for the 

solid polymer blend electrolytes prepared using neat PEO and 50wt% PEO in blends with 

PMMA at various temperatures including 30oC, 60oC, and 90oC, respectively for different PEO 

architectures. 

Figure 5 illustrates the ionic conductivities of the electrolytes at 30oC, 60oC, and 90oC 

obtained from electrochemical impedance spectroscopy (see Figure S5 for the Nyquist plot for 

the calculation details of the ionic conductivity). We have also prepared an electrolyte with the 

linear PEO only to compare with the blends. The neat PEO/LiTFSI resulted in an ionic 

conductivity ~ 10-3 S/cm at 60 oC, which is in agreement with previously reported results.11, 15, 

16, 38, 62 In the case of the blend electrolytes, the ionic conductivity for blend with the linear PEO 

decreased about an order of magnitude, as expected due to its slower segment dynamics in 

presence of PMMA.11 More importantly, the ionic conductivity in the blends is strongly 



 

architecture dependent. The electrolytes with 4-arms and 8-arms stars significantly enhanced 

the conductivity, specifically 2.5x for 4-arms and 3x for 8-arms at 60 oC, mainly due to faster 

PEO segmental dynamics compared to the linear one as predicted from BDS measurements. 

However, blends electrolytes with the bottlebrush and hyperbranched PEO resulted in dramatic 

decrease in conductivity (25x for BB and for 55x HB6G compared to L20 at 60 oC). This is 

likely due to high fraction of hydroxyl-terminated end groups which interact with the salt ions 

by forming a transient cross-linking and limit its mobility as well as lithium migration. Thus, 

further increase in the number of branching in PEO architectures may dramatically reduce the 

positive effects provided by faster PEO segmental dynamics, increasing free volume and 

lowered degree of crystallization provided by non-linear PEO topologies in the blends, and can 

even decrease the lithium mobility as seen here for the extreme cases of hyperbranched and 

bottlebrush PEO. The activation energies obtained from the Arrhenius plots in Figure 5 

suggests that the lithium-ion transportation in the SPEs is due to the ion-hopping mechanism63, 

regardless of the PEO topology.  However, the estimated activation energies are strongly 

architecture dependent (see Table S5 for activation energies for SPEs with various topologies). 

The blend electrolyte with linear PEO has activation energy 0.47 eV (comparable to the 

previously reported values ~0.5 eV64) whereas it decreases to 0.45 and 0.38 for 4-arms and 8-

arms star PEO which display higher ionic conductivity.  On the other hand, the activation 

energies estimated for the electrolytes with hyperbranched and bottlebrush PEO increase to ≈ 

0.62 eV, supporting the argument that increased hydroxyl-Li+ interaction in these highly 

branched structures impede the ion mobility.   

Finally, we would like to note that we used the same [Li+]/[EO] ratio of 0.085 for all 

blend electrolytes as the conductivity peaks at this ratio for PEO. However, this might also be 

architecture dependent and the phase behaviour or PEO-LiTFSI need to be further investigates 

with non-linear polymer architectures to further improve the performance of the homopolymer 



 

and blend based SPEs. This is currently under investigation and will be discussed in another 

article. 

CONCLUSIONS 

In conclusion, we studied the effects of chain topology on miscibility, glass transition, 

segmental dynamics, and ionic conductivity for the poly(ethylene oxide)-poly(methyl 

methacrylate) doped with lithium bis(trifluoromethane-sulfonyl)-imide (LiTFSI) blend 

systems.  Various well-defined PEO architectures, specifically linear, stars, hyper-branched 

and bottlebrushes, and compositions were investigated. Our XRD results reveal that room 

temperature miscibility of these polymers can be significantly extended by using non-linear 

architectures of PEO relative to the linear blend which crystallizes above 35% of PEO 

concentration. In the amorphous PEO/PMMA blends including 20%PEO, temperature 

modulated DSC results suggest tunability of the effective glass transition temperatures of both 

PEO and PMMA components with polymer architecture. Additionally, our broadband 

dielectric spectroscopy measurements show strong dependence of PMMA segmental dynamics 

on the PEO topologies. Increasing number of branches in the PEO helps to maintain its fast 

segmental dynamics even in the blends with glassy PMMA due to less interaction sites and 

interpenetration of PMMA into compact and nonlinear PEO. This manifests as 2.5- and 3-fold 

higher ionic conductivity (with respect to the linear PEO at the same molar mass) in blends 

with 4-arms and 8-arms stars, respectively. Interestingly, the electrolytes with hyperbranched 

and bottlebrush PEO displayed more than an order of magnitude decrease in conductivity, 

possibly due to lithium complexation with the hydroxyl terminated end groups. Overall, our 

results show that the macromolecular architecture can be an effective tool for improving ionic 

conductivity in polymer blend based solid electrolytes.  
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