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Abstract

Synthesis and characterisation of solid low-Tg polymer
electrolytes for lithium-ion batteries

Erik Törmä

Electrolytes of poly(trimethylene carbonate-co-caprolactone), poly(TMC-co-CL), and
LiTFSI have been prepared and characterised. The copolymers were analysed with
GPC and NMR, which showed that random high molecular weight copolymers of
desired compositions had been obtained. The electrolytes with varied salt
concentration were examined with TGA, DSC, FTIR and impedance spectroscopy.
The highest ionic conductivities were measured for the copolymer of 60:40 ratio of
TMC:CL and for the homopolymer polycaprolactone, PCL, both electrolytes with 28
wt% LiTFSI. The ionic conductivity was measured to of the order of 10-3 S cm-1 for
the PCL electrolyte and 10-4 S cm-1 for the 60:40 copolymer at 50 °C. 
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Sammanfattning 

Litiumjonbatterier är bland de mest använda batterierna i dagsläget. I vissa applikationer, 

såsom högenergibatterier, önskas en förbättring med avseende på säkerhet. Det vanligaste är 

att använda flytande elektrolyter, vilka brister i detta avseende. Därför skulle en fast elektrolyt 

vara att föredra.  

Poly(trimetylenkarbonat), PTMC, och poly(kaprolakton), PCL, är två polymerer som har 

studerats som fasta lösningsmedel för batterielektrolyter. PTMC är amorft och har goda 

mekaniska egenskaper medan PCL är semikristallint. En tidigare studie på PTMC visade goda 

egenskaper hos materialet som elektrolyt.
1
 Däremot är det önskvärt att öka 

jonkonduktiviteten, vilket är korrelerad till glasomvandlingstemperaturen, Tg. Med lägre Tg 

erhålls rörligare kedjor hos molekylerna. Det är dessa rörelser som transporterar jonerna i 

materialet. Genom att sänka Tg för PTMC kan jonkonduktiviteten öka. Ett sätt att sänka denna 

är att sampolymerisa trimetylenkarbonat, TMC, med kaprolakton, CL, eftersom PCL har ett 

lägre Tg än PTMC.   

Syftet med detta arbete har varit att öka jonkonduktiviteten hos PTMC genom en 

sampolymerisation med CL. Polymerer med olika sammansättningar av TMC och CL har 

syntetiserats och karakteriserats. Därefter gjöts elektrolyter av dessa sampolymerer med olika 

saltmängd för att hitta den optimala sammansättningen. Elektrolyternas termiska egenskaper 

och jonledningsförmåga undersöktes. Resultatet visade att högre mängd CL i sampolymeren 

resulterade i högre jonkonduktivitet, där ren PCL visade högst jonkonduktivitet.   
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1. Introduction 

1.1 Lithium-ion batteries 

One application for lithium-ion batteries is in portable devices because of the low weight of 

lithium, thus making it possible for lighter and smaller batteries, and that it is the most 

electronegative element, with a standard electrode potential of −3.05 vs SHE. This is an 

important property since it is the difference in potential that pushes the electrons in a battery 

from the negative side to the positive side. The larger the difference, the more energy the 

battery possesses.  

Between the electrodes is an electrolyte, which is an ion conductor and electron insulator. 

During discharge, the positive ions and the negative electrons are transferred from the 

negative electrode to the positive electrode, as shown in Figure 1. The ions are transferred 

through the electrolyte while the electrons are forced through an external circuit where the 

current is collected. For rechargeable batteries, the electrons and ions are transferred back to 

the positive electrode during charging by applying an external voltage.  

Liquid electrolytes are mostly used in batteries, for example salts such as LiPF6 dissolved in 

organic carbonates,
2
 since the ionic conductivity is superior compared to solid electrolytes.  

 

Figure 1. Schematic figure of a battery and the transportation route for the ions and electrons during 

discharge. 

1.2 Solid polymer electrolytes 

Nevertheless, in some applications solid polymer electrolytes are preferred, such as high 

density batteries and small portable devices.
3
 The advantages with solid polymer electrolytes 

compared to liquid electrolytes are that they are non-flammable, mechanically stable and the 

possible ease of fabrication in form and size.
4
 The focus on solid electrolytes intensified when 

crystalline materials with high ion conductivity at high temperatures were discovered. These 

had disadvantages with breaking due to volume expansion, which is why the interest in thin 

film polymers increased in the 1970s.
3
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Some mechanical features of polymers appear solid at a macroscopic level, but with features 

similar to conventional liquids at the atomic level. Since some polymers are flexible, it is 

possible to obtain a proper contact with the electrodes at all times, accommodating the volume 

expansions originating from charge and discharge cycles of the battery.   

However, the low ionic conductivity is the major drawback with solid polymer electrolytes, 

which is why new materials are being heavily researched. The discovery of alkali salts being 

dissolved in PEO opened up for solid polymer electrolytes, and ever since then have there 

been much research regarding PEO. PEO based electrolytes can have conductivities as high as 

10
−2

 S cm
−1

.
5
 PEO is semicrystalline which can have drawbacks regarding the conductivity at 

ambient temperatures. Therefore other polymer electrolytes have been studied, for example 

PTMC and PCL.
4, 6, 7, 1 

1.3 Ionic conductivity 

The general expression for ionic conductivity can be seen in equation 1.1. 

          (1.1) 

n is the concentration, q the charge and μ the mobility of the charge carriers. When choosing a 

polymer for use as an electrolyte, one must consider both the mobility of the polymer and the 

ability to dissolve salt, charge carriers, into the polymer structure to achieve as high ionic 

conductivity as possible. There is a maximum in ionic conductivity with regard to salt 

concentration, since the mobility is decreased with increasing concentration of salt. This could 

be explained with that an increase in salt concentration increases the number of temporary 

crosslinks in the molecules, thus increasing the stiffness and Tg.
3
 

There are different theories about the mechanism for the ion transport in polymers. When the 

temperature is above the glass transition temperature, Tg, there are segmental motions in the 

chains. These movements create suitable coordination sites for the ions to jump between, thus 

making it possible for ion transport in the material.
3
 One theory for rigid polymers is that the 

transportation occurs without segmental motions. The ions can jump easily in a rigid polymer 

since the rigidity creates large spaces in the structure, compared to more flexible structures 

that pack more closely.
8
  

The Vogel-Tamman-Fulcher, VTF, equation (1.2) describes the temperature dependence for 

ionic conductivity, since the mobility will increase with increasing temperature. The VTF 

equation describes the temperature dependence for solid polymer electrolytes, while liquid 

electrolytes are better described with Arrhenius behaviour.  

 
       

  
       

(1.2) 

σ0 is a pre-exponential factor and T0 is a quasi-equilibrium Tg, where the free volume 

disappears; this is often set to Tg − 50 K.
9
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1.4 Glass transition temperature 

At the glass transition temperature, Tg, the mobility of the polymer molecules is changed. 

Below Tg, the segmental motions in the polymer are frozen. The polymer will be in a glassy 

state, making it more brittle and hard. When the temperature is higher than Tg, the chains can 

move freely and the polymer will be in a rubbery state, which makes it more soft and flexible. 

In order to have a Tg, the polymer must have disordered chains. Thus, crystalline polymers do 

not have a Tg, but most crystalline polymers contain amorphous regions which give rise to a 

Tg.
3
 

Tg depends on the structure of the polymer. A rigid backbone gives a stiff polymer, where the 

chains move less than in a polymer with a flexible backbone. Tg can be altered with 

plasticisers by increasing the space between polymer segments. A copolymerisation can 

decrease Tg as well. The anticipated Tg of a copolymer can be calculated if Tg is known for the 

homopolymers, with the Fox equation: 

  

  
  

  

    
 

  

    
 

(1.3) 

w1 and w2 are weight fractions of components 1 and 2.  

The molecular weight affects Tg; however, at high molecular weights Tg becomes almost 

constant with increasing weight. This behaviour can be explained by the fact that the relative 

volume of the ends of the chains, which have a higher mobility, is decreased with increased 

chain length. The plateau with constant Tg is reached at different molecular weights for 

different polymers, since it is affected by how flexible the backbone of the polymer is.
10

 For 

polystyrene, this plateau is reached at around 100 000 g mol
−1

.
11

 

1.5 Aim of thesis 

There are other studies showing interesting results for PTMC as an electrolyte.
1,12,13,14,15

 

PTMC is a biodegradable, amorphous polymer with a Tg  between −15 °C and −20 °C.
16

 

Another polymer host material for electrolytes that has been studied is PCL.
4,6,7,9

 It is 

biodegradable, semicrystalline and has a Tg between −55 °C and −60 °C.
16

 The measured 

conductivities vary for the PCL studies, which can be a result of absorbed water or differences 

in instrumental setups. 

The aim of this work has been to synthesise random, amorphous copolymers of TMC and CL, 

aiming at an increased ionic conductivity compared to PTMC. The theory is that these 

copolymers will have a lower Tg than PTMC but still be amorphous and indicate a trend for 

the optimal composition of TMC and CL.  

TMC–OH and CL–OH have been synthesised to determine the structure of the TMC-co-CL 

polymers.  
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2. Characterisation 

2.1 NMR spectroscopy 

In NMR spectroscopy, radio frequency pulses are used to acquire molecular structure from 

the magnetic properties of the atomic nuclei and their surrounding electrons. The spectra 

obtained contain chemical shift, signal intensity and multiplicity which give information 

about the configuration, concentration and intermolecular interactions in the sample. The two 

most common nuclei to be observed are 
1
H and 

13
C.  

Multiplicity occurs since signals from atoms are affected by neighbouring atoms, which can 

give rise to splitting of the signal peaks into doublets, triplets, etc. Multiple peaks can occur 

since different repeating units have different surrounding units, thus affecting the signal. The 

structures that give rise to multiple peaks are called dyads, triads, etc. See Figure 2 for triads 

of TMC and CL.  

 

Figure 2. Structure of the possible triads originating from TMC carbonyl peaks, with TMC as the 

centre monomer. The red represents CL monomers. 

With multiple peaks and the signal intensity, it is possible to calculate the number average 

sequence length,  , of the repeating units since the signal intensity corresponds to the 

concentrations of the respective sequences. Equation (2.1) is a modified variant of the Randall 

equation.
17

 Randall denotes only one of Niij and Njii as a sum of both of the integrals for the 

triad peaks, since the orientation is not significant in the studies case. When the orientation is 

of significance, it is of interest to include both of the integrals for the peaks.  

 
    

                   

      
 
            

 

 

(2.1) 

Here, N represents the integral of a triad peak and i and j correspond to the different repeating 

units. The number average sequence length can tell if the polymer is a random or block 

copolymer. For example, an alternating copolymer consisting of equal amounts of two 

 

TTT

CTT

TTC

CTC
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monomers should have an   equal to 1 for both repeating units, if no certain reactions are 

preferred. It will become a block copolymer if units prefer to react with the same units. 

Therefore, copolymers can be evaluated by checking if they correspond to Bernoullian 

behaviour. Bernoullian behaviour is when the reactivity is equal between the different 

monomers, that no reaction is preferred instead of the other.  

Transition probabilities, P, correspond to the mole fractions in the monomer feed. The 

experimentally obtained triad fractions are compared with the results from equations (2.2–

2.7), where Pi is the mole fraction of unit i.
17

 For example, if the monomer feed is 40 % of 

unit T, from equation 2.2 (TTT) = 0.064. This means that 6.4 % of the triads should be of the 

structure as shown in Figure 2a, and the rest of the triads in the other structures. The number 

average sequence length can be calculated with statistically estimated triad fractions from 

equations 2.2–2.7 and compared with the number average sequence length calculated with 

observed fractions of the triads, thus making it possible to confirm if the copolymers follow 

Bernoullian behaviour and therefore are random copolymers.  

          
 
  (2.2) 

                  
        (2.3) 

                
 
 (2.4) 

          
        (2.5) 

                        
  (2.6) 

             
 
 (2.7) 

2.2 GPC 

GPC is a technique to determine the average molecular weight and the molecular weight 

distribution of a polymer. The dissolved polymer is injected in the instrument, where the 

polymer solution will pass through a column with pores of different sizes. Depending on the 

size of the molecules, they will diffuse into different pores on their way through. This will 

distribute the different molecules depending on size, with the largest molecules being eluted 

more quickly. The detection is made by different detectors, such as refractive index or 

viscometer detectors.  

2.3 FTIR 

FTIR measures absorption or transmission of light in IR wavelengths, where the 

measurements are dependent on the molecular vibrations in the sample.    

2.4 TGA 

In TGA, a sample is weighed and heated at a controlled rate and to a desired temperature. The 

thermal stability of the sample is obtained and physical and chemical transformations can be 

observed, such as decomposition, oxidation or losses of contamination. Many different 

decomposition temperatures can be obtained for a sample, if the decomposition happens in 
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steps. The weight lost corresponds to the amount of the decomposed part in the polymer, 

resulting in the possibility to separate different compositions.  

2.5 DSC 

DSC is used to study thermal transitions in a sample. The sample and a reference are heated 

and kept at the same temperature throughout the experiment. When a thermal transition 

occurs, more or less heat is needed to maintain the temperature. This makes it possible to 

obtain Tg, crystallisation temperatures and melting temperatures, although an amorphous 

polymer will only show a Tg.  

2.6 Impedance spectroscopy 

Impedance spectroscopy is a way of measuring the electrical impedance of a material. 

Impedance is the AC equivalent of resistance, the ability for a circuit to resist a flow of 

electrical current. The difference is that resistance follows Ohm’s law, which is limited to an 

ideal resistor. Impedance gives a more realistic interpretation of the electrical properties for a 

material.  

Impedance is measured by applying an AC potential to the material. Depending on the 

frequency, there will be a phase shift between voltage and current. The results are interpreted 

with equivalent circuits. The circuits are approximated by resistors, capacitors and 

combinations of these, as seen in Figure 3.  

 
Figure 3. A modified Debye equivalent circuit,

18
 where CPE1 and CPE2 represent constant phase 

elements and R1 a resistor. More specifically, R1 represents the bulk ionic resistance, CPE1 the 

double layer capacitance and CPE2 the dielectric capacitance. 

The data obtained can then be fitted to a circuit model, such as the Debye equivalent circuit, 

and parameters such as the bulk ionic resistance can be obtained.  However, in some cases it 

is impossible to interpret the data and in the end the fitting is an estimation from the operator.  

To calculate the ionic conductivity in the material, some equations are needed:  

 
  

 

 
 

(2.8) 

G is the conductance and R the resistance. The ionic conductivity is then calculated from 

equation 2.9.  

 
   

   

 
  

 

   
 

(2.9) 

d is the thickness and A the area of the sample.  
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3. Experimental 

3.1 Materials 

TMC (Boehringer Ingeheim) was handled and stored in a glove box. CL (Aldrich) was 

distilled under reduced pressure over CaH2 and stored over 4 Å molecular sieves. Sn(Oct)2, 

stannous 2-ethylhexanoate (Sigma), was dissolved in dry toluene (99.8%, Extra dry, over 

molecular sieves, AcroSeal®, Acros Organics). PCL was a gift from Perstorp AB, Sweden. 

PTMC was synthesised as described elsewhere.
1
 All other chemicals were obtained from 

commercial sources and used as received. 

3.2 Synthesis 

3.2.1 Synthesis of poly(trimethylene carbonate-co-ε-caprolactone) 

Copolymers of TMC and CL were synthesised with compositions ranging from 60–90% of 

TMC and the rest CL. TMC, CL and 30 µl 1 M solution Sn(Oct)2 were added to a oven-dried 

stainless steel reactor in a glove box with an argon atmosphere. The monomer content was a 

total of 0.15 mol. The reactor was sealed, removed from the glove box and heated at 130 °C 

in an oven for three days. It was stirred a few times during the first hours. The reactor was 

then cooled down, put into a glove box and the polymer was removed.  

3.2.2 Synthesis of Methyl 6–hydroxyhexanoate, CL–OH 

1 g of sodium methoxide, NaOMe, was dissolved in 50 ml methanol. 10 ml CL dissolved in 

20 ml methanol was added dropwise and under stirring to the NaOMe solution and left to 

react for two hours. Afterwards, 1M hydrochloric acid was added until the solution was no 

longer basic, pH ~ 5. 60 ml H2O was added and extracted with 3×60 ml dichloromethane. The 

organic phases were collected and dried with MgSO4, filtered, evaporated and finally distilled, 

with a boiling point of 123–125 °C at 18 mbar pressure. The synthesis resulted in 7.78 g 

colourless and slightly viscous liquid, with a yield of 66%. 

3.2.3 Synthesis of Ethyl (3–hydroxypropyl) carbonate, TMC–OH 

5 g of TMC was dissolved in 80 ml ethanol. 5 drops of trifluoroacetic acid, TFA, were added 

while stirring the solution and left to react for 18 hours. However, NMR measurements 

showed a low amount of product. Another 12 drops of TFA were added and left to react for 

25 hours. NMR showed that ~ 50% of the TMC had reacted. The sample was heated to 40 °C 

and left to react for 24 hours. NMR showed that almost all of the starting material had reacted. 

The ethanol was then evaporated and 80 ml ethyl acetate was added. Then it was extracted 

with 3×80 ml saturated sodium bicarbonate solution and 80 ml H2O. The organic phase was 

dried with Na2SO4, filtered, evaporated and distilled with a boiling point of 115–117 °C at 15 

mbar pressure. The synthesis resulted in 2.35 g colourless and slightly viscous liquid, with a 

yield of 40%. 

3.3 NMR 

The polymers were solved in deuterochloroform, CDCl3, and 
1
H NMR and 

13
C NMR spectra 

were obtained at 25 °C on a JEOL Eclipse+ 400 MHz NMR using the solvent signal as an 
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internal standard. A single pulse decoupled without NOE experiment was used for the 

quantitative 
13

C NMR runs, with a relaxation delay of 20 s. The integrals were obtained from 

the data using deconvolution with Lorentzian lineshapes.  

3.4 GPC 

A Waters Alliance GPC/V 2000 was used for the analysis. The polymers were dissolved in 

tetrahydrofuran, THF, filtered through a microfilter and analysed at a flow rate of 1 ml min
−1

 

at 35 °C. The four Styragel columns had been calibrated with narrow polystyrene standards 

and data was obtained with a viscometer detector.  

3.5 Polymer electrolyte preparation 

Electrolytes were prepared in Ar atmosphere with a humidity not exceeding 1 ppm. 

Poly(TMC-co-CL) and weight percentages of 0%, 12%, 20%, 28% and 36% of lithium 

bis(trifluoromethane sulfonimide) (LiTFSI) was dissolved in 10 ml acetonitrile and placed in 

PTFE moulds. The salt weight percentages calculated into approximate molar ratios of Li
+
 

ions and polymer carbonyl units, poly(TMC-co-CL)nLiTFSI, are: n = 20 (12 wt%), 11 (20 

wt%), 7 (28 wt%) and 5 (36 wt%).  

The solvent was then evaporated in a vacuum-oven system. During the first 20 hours, the 

system was pumped down slowly from 200 mbar to full vacuum while at ambient 

temperature. The temperature was then increased to and kept at 60 °C for 40 hours at full 

vacuum. When the sample had cooled down, samples with a diameter of 14 mm were 

punched out. The same procedure was used for PCL and PTMC homopolymer electrolytes. 

3.6 FTIR 

Samples were taken out from the glove box without being exposed to ambient atmosphere 

before the measurements. The samples were pressed against an ATR accessory on a Perkin 

Elmer Instruments Spectrum One and a spectrum between 4000–650 cm
−1

 was measured with 

a resolution of 4 cm
−1

.  

3.7 TGA 

The measurements were performed on a TA Instruments TGA Q500, with a heating rate of 

10 °C min
−1

 to 500 °C under nitrogen atmosphere. Samples were taken out from the glove 

box, put on platinum pans and immediately loaded into the instrument, without being exposed 

to the ambient atmosphere before the measurements.  

3.8 DSC 

Samples were weighed and sealed in Tzero hermetic aluminium pans inside a glove box. The 

pans were then put into a TA Instruments DSC Q2000 and measured between −60 °C to 

130 °C at a heating rate of 10 °C min
−1

, with a nitrogen flow rate of 50 ml min
−1

. 

3.9 Impedance spectroscopy 

Electrolyte films were put into a sealed Swagelok™–type cell between two stainless steel 

blocking electrodes. The cell was removed from the glove box and put into an oven. A 
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thermocouple was put into the cell, at a distance of a few mm from the sample. The oven then 

heated the sample until the thermocouple showed 100 °C, and the temperature was kept at 100 

°C for 30 minutes before the first measurement was performed. Then the sample was cooled 

and measurements were done with an interval of 10 °C, ranging from 100 °C to 30 °C, and a 

final measurement at 25 °C. The AC measurements were performed on a Schlumberger 

Impedance/Gain-phase Analyzer SI 1260 with 80 frequencies between 1 Hz – 10 MHz, with 

an amplitude of 10 mV. ZView version 3.2b (Scriber Associates) was used to interpret the 

data which were fitted to a modified Debye equivalent circuit to obtain the bulk ionic 

resistance.  

4. Results and discussion 

4.1 Polymer synthesis 

To avoid obtaining semicrystalline copolymers, the content of CL was selected to be below 

70 %,
6
 see chosen compositions in Table 1. The reaction for the copolymer synthesis can be 

seen in Scheme 4.1.  

 

Scheme 4.1. Synthesis of Poly(TMC-co-CL). 

A low amount of catalyst/initiator was used to obtain high molecular weight polymers, which 

was successfully done, as can be seen in Table 1. With such high molecular weights, it can be 

assumed that the copolymers are in the region where Tg is almost constant with increasing 

molecular weight. The copolymers show a narrow molecular weight distribution, since PDI 

values of 1 corresponds to monodispersity in the sample and compared to other studies of 

PTMC,
19

 the PDI values obtained in this study are lower.  

Table 1. Number average molecular mass (Mn) and PDI for the different copolymers synthesised, 

obtained from GPC data.  

Composition  

(TMC:CL) 

Mn [g/mol] PDI  

90:10 508000 1.24  

80:20 508000 1.25  

70:30 487000 1.26  

60:40 457000 1.36  
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The structure of the copolymers was confirmed with 
1
H NMR spectroscopy, as seen in Figure 

4, which was compared with results described elsewhere.
16

 Only small amounts of residual 

monomers could be observed.  

 
Figure 4. 

1
H NMR spectrum obtained for the 60:40 copolymer. Proton peaks are assigned in the 

copolymer structure and the spectrum. 

The carbonyl peaks with assigned triads can be seen in the 
13

C NMR spectra, Figure 5. The 

difference in mole fractions between the copolymers can be visually seen in the figure. With a 

higher content of CL, triads corresponding to the CL carbonyl peak have increased signal 

intensity. The signal intensity is used to distinguish which peak corresponds to which triad. 

For example, 90:10 has the highest content of TMC and therefore the TTT peak can be 

assigned to the peak at ~155.15 ppm with the highest intensity. This is expected since the 

triad consisting solely of TMC is most likely to occur more frequently in the sample since the 

mole fraction of TMC is higher than for CL. In the CL carbonyl peak region, only TCT 

should be visible with the same logic mentioned. The CCC triad is assigned to the peak at 

~173.68 ppm, as this peak only appears at a high CL content. With similar reasoning, the 

remaining peaks could be identified.   

However, there are triads that are impossible to assign with certainty to one peak. One of the 

peaks that are assigned to CCT* corresponds in fact to the triad TCC. The same applies for 

TTC* and CTT. This is due to the fact that it is not possible, based on this data alone, to 

determine the direction of the polymer chains when analysed. Other studies have assigned 

these without clarification of the method for the assigning.
16, 20 

t1

t3+c5 c1 t2
c2+c4

c3
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Figure 5. 
13

C NMR of the polymers showing the carbonyl shifts and the obtained triads. The left part 

(173.0–174.0 ppm) corresponds to the caprolactone carbonyl and the right part (154.7–155.6 ppm) to 

the TMC carbonyl.
16

 The proportion of the signal intensity is not normalised between the different 

copolymers. (* means that the peaks are not assigned with certainty) 

In an attempt to resolve this, TMC-OH and CL-OH were synthesised, see Schemes 4.2 and 

4.3 for the schematic synthesis. The purpose was to use these as initiators and add the other 

polymer resulting in TCn and CTn respectively, where n would be between 5–20 monomers. 

This could give rise to peaks that for certain could be assigned to the triads TCC and CTT and 

therefore it would be possible to distinguish between CCT and TTC triads. This was 

investigated but the peaks desired could unfortunately not be distinguished from the NMR 

data attained.  

 

Scheme 4.2. Synthesis of TMC-OH. 

 

Scheme 4.3. Synthesis of CL-OH. 

60:40

70:30

80:20

90:10

CCC CCT*
CCT* TCT CTC

TTC* TTC*

TTT
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The fractions of the different triads were obtained from the 
13

C NMR data, as shown in 

Table 2. The experimental fractions are similar to the statistically estimated fractions, 

indicating that it is random copolymers that have been synthesised. There are possible 

explanations for the observed differences, since some peaks could not be distinguished from 

the noise in the NMR data or their signals were superimposed on bigger neighbouring peaks. 

This affects the fractions obtained and the total fraction of CL and TMC in the copolymers, as 

seen in Table 3. No residual monomers could be detected in the 
13

C NMR spectra.  

Table 2. Fractions of the triads obtained experimentally from NMR data and estimated fractions. 

Triad 60:40  

[exptl
a
 (estmd

b
)] 

70:30  

[exptl
a
 (calcd

b
)] 

80:20 

[exptl
a
 (calcd

b
)] 

90:10 

[exptl
a
 (calcd

b
)] 

 

CCC 0.10 (0.06) 0.07 (0.03) 0 (0.01) 0 (0.001)  

TCC + CCT 0.24 (0.19) 0.15 (0.13) 0.07 (0.06) 0 (0.02)  

TCT 0.11 (0.14) 0.11 (0.15) 0.10 (0.13) 0.10 (0.08)  

      

CTC 0.08 (0.10) 0.06 (0.06) 0 (0.03) 0 (0.01)  

TTC + CTT 0.26 (0.29) 0.28 (0.29) 0.30 (0.26) 0.17 (0.16)  

TTT 0.21 (0.22) 0.33 (0.34) 0.52 (0.51) 0.73 (0.73)  
a
 Determined using quantitative 

13
C NMR. 

b
 Statistically estimated with ideal mole fractions in equations 2.2–2.7. 

The total fractions of CL and TMC can be obtained by summarising the triad fractions, see 

total fractions and number average sequence lengths in Table 3. The number average 

sequence lengths obtained confirm that the copolymers attained are random, since the values 

are similar to those following the Bernoullian statistics. A deviating value for the number 

average sequence lengths from the Bernoullian statistics would indicate that, for example, 

TMC monomers would prefer to react with TMC monomers, or equivalent for CL.  

 

Table 3. Total fraction and number average sequence length,  ̅ , of CL and TMC in the copolymers. 

 60:40 70:30 80:20 90:10  

fCL
a 

0.45 0.33 0.17 0.10  

fTMC
b 

0.55 0.67 0.82 0.90  

 ̅ 
c 
[exptl

e
 (estmd

f
)] 2.0 (1.7) 1.8 (1.4) 1.3 (1.3) 1.0 (1.1)  

 ̅ 
d
 [exptl

e
 (estmd

f
)] 2.6 (2.5) 3.3 (3.3) 5.4 (5.0) 10.5 (10)  

a
 Total fraction of CL. 

b
 Total fraction of TMC. 

c
 Number average sequence length for CL repeating units. 

d
 Number average sequence length for TMC repeating units. 

e
 Determined using quantitative 

13
C NMR data and calculated with equation 2.1. 

f
 Bernoullian statistic, estimated with ideal mole fractions in equation 2.1. 
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4.2 Electrolytes 

The high molecular weight of the copolymers resulted in good mechanical properties when 

handling the samples, even though the electrolyte films obtained were very thin. They could 

regain their structure after deforming them. With increasing CL content, the stickiness 

increased which made the films more difficult to work with. All the copolymer films were 

rubbery and transparent, more than PCL films, which is demonstrated in Figure 6. The 

thickness varied between 0.04–0.15 mm for the samples. Measurements were performed in 

the middle of the circular electrolytes, since the thickness varied within each sample as well, 

to obtain comparable results.  

 

Figure 6. Representative electrolyte film samples, with PCL with 28 wt% LiTFSI to the left and 70:30 

with 28 wt% LiTFSI to the right. 

There are deviations in the results obtained from the analysis of the electrolytes. This could be 

an indication of inaccurate compositions obtained. However, merely a few measurements 

have been performed for the compositions, giving no statistically verified results. The results 

obtained indicate trends between the compositions, from which conclusions can be drawn. 

The decomposition temperature varied between 200–300 °C for the electrolytes, mostly 

affected by the salt wt% as can be seen in Figure 7. The samples without salt had one 

decomposition temperature of the copolymer after the first plateau. Upon adding salt, a 

second plateau emerged and the decomposition temperature of the copolymers decreased. It 

can be speculated that the decrease is due to that the salt coordinates to the polymer structure 

and therefore weakens the thermal stability. This trend is visible in the figure, although there 

are deviations for certain compositions.  
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Figure 7. TGA data of the casted electrolytes. 

None of the electrolytes except those based on PCL show any melting or crystallisation peaks 

in the DSC data, indicating that the copolymers synthesised and the electrolytes based on 

these, are amorphous. As expected, the lowest Tg, – 47.6 °C, was measured for PCL with 28 

wt% LiTFSI. No other compositions of PCL were investigated. With a higher content of CL, 

a lower Tg is obtained for the copolymer. Figure 8 shows a trend of increasing Tg with 

increasing salt content for the copolymers. This behaviour has been observed in other studies 

as well regarding PTMC and PCL electrolytes.
4,6,1

 However, there are deviations from the 

trend. Possible explanations are the accuracy of the DSC measurements or that a maximum in 

Tg with increasing salt content had been reached. In a study performed elsewhere, this 

maximum was observed for different polyesters, where one of them was PCL.
21
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Figure 8. Glass transition temperatures obtained from DSC data as a function of salt weight 

percentage. 

The first result from impedance measurements showed a deviated behaviour from another 

study of PTMC.
1
 The first heating resembled the behaviour observed in that study, but upon 

cooling and heating again, the ionic conductivity increased with a factor of 100, as can be 

seen in Figure 9. Therefore, different parameters were changed for the measurements to 

determine the reason behind this behaviour.  

One possible explanation for such an increase could be contamination of water upon moving 

the cell from the controlled atmosphere, the glove box, and into the oven for impedance 

measurements. The cell was supposed to be sealed so no, or a negligible, amount of water 

could be absorbed in the sample.  

 

Figure 9. Impedance measurement of 60:40 with 36 wt% LiTFSI. 
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As can be seen in Figure 9, there was a large increase in ionic conductivity after the first 

heating, when the sample was cooled down and reheated. The sample was left in the 

measurement cell for three nights in ambient atmosphere after the first cycles, and then heated 

again. There was a small increase in the obtained conductivity, which could be an effect of 

contamination from the atmosphere. However, the increase is low during storage compared to 

the increase from one heating.  

Another explanation could be that there was a reaction between the sample and the stainless 

steel electrodes. Therefore, measurements were performed with gold electrodes to exclude 

this theory. The impedance measurements showed the same behaviour as observed before.  

It is most probable that the increase in ionic conductivity is due to the heating. This process 

could improve the contact between the electrolyte and the electrodes, thus resulting in an 

increased conductivity. After this observation, the procedure was set for the measurements as 

the one described in section 3.9. By heating the sample and keeping it at 100 °C, the contact 

between the electrodes and the electrolyte could be improved. This was made for all the 

measurements, which should give comparable results.  

The ionic conductivities obtained can be observed in Figure 10. All copolymers show a 

similar behaviour with increasing temperature. The highest conductivities for all samples 

were observed with 20 or 28 wt% LiTFSI, the lowest with 36 wt% LiTFSI and no impedance 

measurement was possible for 0 wt% LiTFSI, since the ionic conductivity was too low. This 

indicates that within the range of salt concentrations studied, a maximum in ionic conductivity 

can be found for the copolymers. The highest ionic conductivities measured for the different 

compositions do not correlate with the lowest Tg. However, this could be explained with the 

margin of accuracy for the DSC measurements, thus indicating that with a lower Tg for the 

polymer, a higher ionic conductivity can be obtained.  
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Figure 10. Measured ionic conductivites for the copolymer electrolytes between 25–100 °C 

(1000/T=3.4–2.7 K
−1

).  

When comparing the different copolymers, as well as PTMC and PCL, it can be seen in 

Figure 11 that with increasing content of CL, the ionic conductivity is increased. The highest 

ionic conductivities were measured for PCL and among the copolymers, 60:40 with 28 wt% 

LiTFSI.  

The conductivity for PCL with 28 wt% LiTFSI exceeds conductivities obtained for PEO–

LiClO4 electrolytes with added TiO2, which reaches practically useful conductivities 

(10
−2 

S cm
−1

) at temperatures above 50 °C.
5
 However, since DSC data showed that PCL is 

semicrystalline, the procedure for the impedance measurement could have resulted in an 

increased ionic conductivity. Upon heating the sample before the measurements, the Tm for 

PCL could have been exceeded and it would no longer be semicrystalline. Crystalline regions 

in a material have decreased mobility, and thus generally a lower ionic conductivity.  
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Figure 11. The highest ionic conductivities obtained for the different compositions of copolymer 

electrolytes and homopolymer electrolytes of PTMC and PCL with both 28 wt% of LiTFSI. 

To observe such behaviour, a measurement was done with the same PCL28 sample after 

having been stored for five days in the measurement cell at ambient atmosphere. The result in 

Figure 12 shows that the ionic conductivity is lower at lower temperatures if the sample has 

not been preheated before, as in the standard procedure. It can be concluded that during the 

five days, the sample had become semicrystalline again and this resulted in the lower ionic 

conductivity measured below 40 °C , which was observed in the DSC data to be around the 

Tm for the polymer.  

The high conductivity obtained could be explained with the low Tg, and the measurement 

procedure. Tg for PCL would have been higher if the molecular weight would have been the 

same as for the copolymers. The PCL obtained from Perstorp AB had a molecular weight of 

50 000 g mol
−1

. This could indicate that the high molecular region with a plateau for the Tg 

was not reached for PCL (Section 1.4), as in the case for the copolymers.  
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Figure 12. Impedance measurements done during heating and cooling of PCL with 28 wt% LiTFSI. 

FTIR data obtained for the 60:40 copolymer showed changes in the spectrum with increasing 

salt concentration. The peaks for stretching vibrations of C=O and C–O are shifted with 

increased salt content, as can be seen in Figure 13, which indicates that the salt interacts with 

the carbonyl groups in the structure. The figure also confirms the difference in composition of 

the copolymers; however, the specific concentrations have not been obtained. Further data for 

the other copolymers could not be obtained, because of instrumental errors.  

 

Figure 13. Part of the FTIR spectrum for the copolymer 60:40. The peaks around 1700 cm
−1

 are 

assigned to C=O stretching vibrations and the peaks between 1100–1300 cm
−1

 to C–O stretching 

vibrations.
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5. Conclusion 

Amorphous copolymers with a high molecular weight of 500 000 g mol
−1

 were synthesised. 

NMR confirmed that the copolymers was random and the sought compositions was obtained, 

which varied between 60–90% TMC and the rest CL. Thin, rubbery and transparent 

electrolytes of the copolymers were cast with LiTFSI salt. From TGA data a trend of 

decreasing polymer decomposition temperatures could be observed with increasing salt wt%. 

DSC showed a trend of increasing Tg with increasing salt wt%, and lower Tg was observed for 

the copolymers with higher CL content.  

An increase in ionic conductivity could be observed upon heating cycles with impedance 

measurements, which occurred probably because of an improved electrolyte–electrode 

contact. The highest ionic conductivities were obtained for the copolymers with salt wt% of 

20 or 28. The measurements point towards a trend of increasing ionic conductivity with 

increasing content of CL. The highest ionic conductivities measured were for PCL and the 

copolymer 60:40 with both 28 wt% LiTFSI, with ionic conductivities of the order of 10
−3

 S 

cm
−1

 respectively 10
−4

 S cm
−1

 at 50 °C. 

The study showed that the ionic conductivity was lower for PCL at lower temperatures, when 

the polymer was semicrystalline.  Future studies for these copolymers should focus on a range 

of compositions with a higher content of CL, yet avoiding crystallinity, for further increased 

ionic conductivity.  
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