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Abstract: Fabrication of stretchable functional polymeric materials usually relies on the physical 

adhesion between functional components and elastic polymers, while the interfacial resistance is a 

potential problem. Herein, a versatile approach on the molecular-level intrinsically stretchable polymer 

materials with defined functionality is reported. The single-ion conducting polymer electrolytes (SICPEs) 

were employed to demonstrate the proposed concept along with its potential application in stretchable 

batteries/electronics with improved energy efficiency and prolonged cell lifetime. The obtained 

membranes exhibit 88-252% elongation before break, and the mechanical properties are well adjustable. 

Galvanostatic test of the assembled cells using the obtained SICPE membrane exhibited good cycling 

performance with capacity retention of 81.5% after 100 cycles. The applicability of proposed molecular-

level design for intrinsically stretchable polymer materials is further demonstrated in other types of 

stretchable functional materials including, poly(vinyl-carbazole) based semiconducting polymers and 

poly(ethylene glycol) based gas-separation membranes.    



 

 

INTRODUCTION 

 

Stretchable polymeric materials with specific functionalities are of great interest due to their emerging 

applications on stretchable devices that include rechargeable batteries/solar cells,1-8 personal health 

monitors,9 supercapacitors,10 communication devices,11 gas-separation membranes,12-13 and rollup 

displays.14-15 Fabrication of stretchable functional polymeric materials usually relies on the physical 

adhesion between functional components and elastic polymer matrix, with two main strategies: 1) 

utilization of stretchable polymer as interconnects between rigid island components with specific 

functionality; 2) embedding functional particles/molecules into elastic polymer matrices.2, 16-17 Many 

efforts have been devoted to fabricate stretchable conductors by embedding electrical conductive 

components, including metallic nanowire/nanoparticles,18-19 graphite/graphene,20-21 conductive 

polymers,22-23 and carbon nanotubes24-26 into elastic polymer matrix. Stretchable sensor have been 

fabricated by mounting the temperature sensor,27 strain/pressure/motion sensor,11, 25, 28-32 electronic brain-

signal monitor,33 and multi-functional sensors34  on the elastomeric substrates. Stretchable semiconductors 

are also reported to be fabricated by embedding the inorganic semiconductor (e.g. buckled silicon, GaAs 

ribbons and zinc oxide)17, 35 and semiconducting polymers (e.g. poly(9,9’-dioctylfluorene-2,7-diyl-alt-

benzothiadiazole, poly (thiophene))36-39 in stretchable polymer matrix. The weak physical interaction 

between the plastic polymer matrix and functional units has been a technical challenge, although in-situ 

formation of elastic platform or addition of hydrogen bond has been demonstrated useful to improve the 

adhesion between them.40-42 Recently, Bao and coworkers reported a highly stretchable semi-conductor 

by embedding the nano-confined conjugated polymer in block copolymer typed soft elastomer.43 The 

nano-morphology of semi-conducting phase and compatibility between the two polymers were ensured 

by their comparable surface energies. Despite these significant progresses in two-part stretchable 

functional polymers, developing one-part stretchable functional polymers has rarely been reported, and 

establishing that design principle is imperative for improved mechanical/functional performance in the 



 

stretchable devices.17 Instead of physical adhesion, the molecular-level chemical bonding between the 

functional components and stretchable matrix possess the significant advantages on their compatibility.16, 

44-45 Several groups reported the synthesis of molecular-level stretchable semiconductors with conjugated 

polymers as rigid domain and rubbery polymer chains as the soft domain.46-47 These approaches provide 

important contribution to the field, but they may lack the versatility to be generalized for applying to other 

types of stretchable functional materials. Moreover, elucidating the role of functional groups, polymer 

architectures and crosslink densities for providing desired functionalities with retained elasticity, leads to 

addressing one of the grand scientific challenges of controlling the mechanical property and functionality 

simultaneously.  

      Polymer electrolytes are important functional polymers for many applications including 

battery, super capacitor, fuel cell, actuator, ion separation and water purification.48-50 With anions 

covalently immobilized on the polymer backbones to achieve cation transference number close to unity, 

single-ion conducting polymer electrolytes (SICPEs) are generally recognized as an advanced electrolyte 

system with improved energy efficiency and prolonged cell lifetime because single-ion conductivity 

drastically reduces electrode polarization, suppress ion concentration gradient and mitigates dendrite 

growth.51-59  Among the SICPEs with different types of anions (eg. carboxylate (-CO2
-), sulfonate (-SO3

-), 

and borate (-BR4
-) ) interacting with Li+, the SICPEs based on sulfonylimide anions (-SO2N(-)SO2-) 

attracted special research attentions because its highly delocalized negative charge renders higher 

conductivity of Li+ cations.54, 60-64 The homopolymer of these sulfonylimide anions based monomers, 

including lithium (4-styrenesulfonyl)(trifluoromethane-sulfonyl)imide (STF-Li+) and lithium 1-[3-

(methacryloyloxy)propylsulfonyl]-1-(trifluoromethanesulfonyl) imide (MPA-Li+), usually suffers from 

low conductivity at ambient temperature due to its high glass-transition temperature (Tg).61, 63  Covalent 

incorporation of low-Tg polymers, mostly poly(ethylene oxide) (PEO), is a common solution to improve 

its conductivity, and two main strategies are commonly utilized: 1) grafting one or both ends of the high 

molecular-weight (MW) PEO by the polymerization of sulfonylimide-anions based monomers;65-69 2) 



 

copolymerization with low MW PEO based macromers to form block or random copolymers.63 High MW 

PEO based SICPEs can form free-standing polymer membranes with enhanced mechanical performance. 

However, the crystallinity of the PEO renders high resistance for ionic conduction when operating below 

its melting points (~60 °C). Although low MW PEO can address the low conductivity issues caused by 

crystallinity, forming a free-standing film is generally a challenge because of its low mechanical 

performance associated with its low Tg. In this aspect, chemical crosslinking of low MW-PEO based 

SICPEs should be more advantageous to address both challenges of ion conductivity and mechanical 

property.64, 70  

While there are several reports on salt doped or liquid-like electrolyte (ionic liquid) nanochannel 

embedded stretchable ionic conducting elastomers,71-73 achieving an elastic SICPEs, especially 

sulfonylimide anions based SICPEs, has not been reported yet. Herein, we report a versatile approach on 

the fabrication of a molecular-level stretchable functional material via rational polymer design. The 

covalent attachment of the functional side groups to a stretchable polymer network should form polymeric 

materials with definable functionalities and tunable mechanical properties. Just like “grape” hanging 

many fruits from the branches, significant amount (20-50) of functional units per side chain and numerous 

side chains (~30) grafting on one elastic backbone ensure functionality of the final product. The current 

study mainly focuses on the tailored design of high-performance stretchable SICPE, which will benefit 

the future stretchable batteries/electronics design considering the advantageous electrolyte performance 

of the SICPE based systems.3, 8, 55, 74 This is an important step of the advancement since the fabrication of 

stretchable SICPE has largely been unexplored despite the numerous efforts on the solid- or gel- form 

SICPEs for lithium-ion or metal battery applications.51, 63-64  Moreover, the versatility of the rational 

design is further demonstrated in different functional materials, including PEO based gas-separation 

membranes, and poly(vinyl carbazole) (PVK) based semi-conductors. This represents one of the first 

reports on the versatile approach for molecular-level intrinsically stretchable functional polymer materials 



 

with defined functionalities, and the proposed strategy will be especially useful in fabricating functional 

materials for stretchable surfaces/devices/batteries with improved stability and long-term performance. 

 

 

RESULTS AND DISCUSSION  

Fabrication of stretchable single-ion conducting polymer electrolyte membranes. With relatively 

high stretchability, good thermal stability, chemical inertness, optical transparency and cost-effective 

fabrication method, polydimethylsiloxane (PDMS) is one of the most commonly used elastic polymer 

platforms.13, 40 Formation of the PDMS based elastic matrix usually relies on the “curing” reaction of 

terminal groups, usually between Si-H groups and vinyl groups. With only two (or slightly more than two 

for branched PDMS) terminal groups on a typical PDMS polymer chain, it is difficult to achieve a 

stretchable PDMS network with high ratio of functional units (SICPEs in this case). Moreover, covalent 

attachment of functional units on PDMS to form di- or tri-block copolymers also affects the elastic 

properties of the polymers.46-47  

Among numerous polymer architectures, grafted block copolymers are especially attractive 

because they provide a possibility to tune mechanical property and functionality in a relatively 

independent manner.75 Herein, the PDMS having a large number of reactive amine groups (PDMS-NH2, 

~48 NH2 per molecule with MW of 20,000 g/mol, I in Scheme 1(B)) were selected as the polymer 

backbone. The coupling reaction of the carboxylic acid terminated Reversible Addition-Fragmentation 

Chain Transfer Agent (RAFT-CTA-COOH, II) with amine groups of PDMS affords PDMS backbone 

containing macro RAFT-CTA (PDMS-RAFT, III). The comparative 1H NMR spectra of PDMS-RAFT 

(III) and PDMS-NH2 (I) is shown in Figure S1. Significant downfield shift of the methylene groups (CH2, 

d to d’ in Figure 1A) adjacent to the NH2 manifested the formation of amide bond.   Comparative signal 

integration of the terminal methyl groups (CH3, j in Figure S1) in RAFT-CTA and CH2 next to the Si 

allows the calculation of the degree of grafting (DGn), i.e., 29 out of 48 amines (see Supporting 

Information for details). In the infra-red (IR) spectrum of PDMS-RAFT (Figure 1(B)), appearance of the 



 

peak lying at 1645 cm-1 (the peak labeled with a dash line for PDMS-RAFT) corresponding to the C=O 

stretching of amide groups also confirmed the successful attachment of the RAFT-CTA on the PDMS 

backbone. 

 
Scheme 1. (A) Illustration of molecular-level intrinsically stretchable functional polymers; (B) Synthesis 
of stretchable single-ion conducting polymer electrolyte, inset is the most stable PEGMA-PEGMA and 
PEGMEMA-PEGMEMA dimers. 



 

 

With delocalized negative charge distribution, the lithium (4-styrenesulfonyl)(trifluoromethane-

sulfonyl)imide (STF-Li+) based polymer has been recognized as one of the most promising candidates of 

SICPE.55 The significantly lower binding energy of Li+ with counter ion compared with that in LiPAA 

also confirmed an easier ion dissociation of Li+ from the STF-Li+ systems (-6.3 eV vs -7.6 eV see 

Supporting Information for details). STF-Li+ and poly(ethylene glycol) methacrylate (PEGMA) with 

molar ratio of 1:3 (EO:Li+ = 18:1) were grafted from the PDMS backbone to form a grafted block 

copolymer PDMS-g-poly(STF-Li+-r-PEGMA)20  (IV). As illustrated in Figure 1(A), the appearance of 

aromatic signals (o+p, 7.0 to 8.0 ppm) suggests successful polymerization of STF-Li+, and the significant 

peak lying at 3.5 ppm is attributed to the CH2 units (s+t) in the PEO. Moreover, the IR peak lying at 1720 

cm-1 is attributed to the C=O bond in the ester group of PEGMA. After adding PDMS crosslinker 

(compound V) and stirring at 65 °C for 5 hours, the solution was poured into a Teflon dish to form an 

elastic polymer membrane. A freestanding, optically clear, elastic polymer membrane was obtained (See 

the picture in Figure S2, PDMS-poly(STF-Li+-r-PEGMA)20-PDMS10). The EDX mapping of fluorine (F) 

and silicon (Si) demonstrated the sufficiently homogenous distribution of lithium-ion conducting 

monomer (STF-Li+) and elastic polymer backbone (PDMS), respectively (see Figure 1(C)). 



 

Table 1. Combined basic analysis data of stretchable SICPEs; the G' value in the table is the plateau of 
storage modulus, Mx is the MW between the crosslinking points; see NOMENCLATURE section for the 
detailed information for the sample name. 

Incorporation of PEGMA plays a critical role for improving the performance of stretchable 

polymer membranes: a) lower the Tg value of single-ion conducting copolymers;61 b) enhance mechanical 

robustness for a free-standing polymer film. Initially, grafted copolymer PDMS-g-poly(STF-Li+)20 was 

synthesized by grafting poly(STF-Li+) on the PDMS-NH2 backbone, and elastic crosslinker (IV) with the 

same molar ratio was added to obtained polymer membrane PDMS-poly(STF-Li+)20-PDMS10 (1, in Table 

1). However, the resulting membrane is very brittle and rigid.  With Tg at 68.5 °C, the polymer membrane 

(1) is in glassy state at ambient temperature, which is responsible for its mechanically rigid nature. 

Copolymerization with PEG will significantly lower the Tg value, where addition of PEGMA results in -

17.5 °C for 2 (Table 1) as compared to 68.5 °C for 1. Therefore, the resulting polymer membranes is in a 

rubbery state at room temperature. Another important role of PEGMA is its capability to provide 

additional reactive groups with the crosslinker (compound V), thus improving mechanical robustness. To 

verify the assumption, poly(ethylene glycol) methyl ether methacrylate (PEGMEMA), that does not 

possess terminal reactive hydroxyl groups, was employed to copolymerize with STF-Li+ to form the 

grafted copolymer PDMS-g-poly(STF-Li+-r-PEGMEMA)20. Following the same procedure, polymer 

membrane (sample 4, Table 1) with PEGMEMA instead was obtained. As illustrated in Figure S2, the 



 

polymer membrane (4) is mechanically too weak, and it even cannot be detached from the 

poly(tetrafluoroethylene) (PTFE) film. From the plateau of the storage modulus (G') in the rheology 

spectra (Figure S4), the crosslinking density (Cx) of PDMS-poly(STF-Li+-r-PEGMA)20-PDMS10 (2) was 

calculated  to be 3.26 × 10-5 mol/cm3. Instead of having a rubbery plateau, the G’ of sample 4 tends to 

drop significantly at low frequency, which indicates the liquid-like property of sample 4 at high 

temperature range. Quantum chemical calculations also suggested the higher interaction energies (-0.7 eV 

vs -0.3 eV) and shorter hydrogen bonding (1.84 Å vs 2.68 Å) between PEGMA-PEGMA dimers than 

those of PEGMEMA-PEGMEMA dimers system (insert of Scheme 1).  Higher intermolecular hydrogen 

bonding between the PEGMAs than that of PEGMEMAs should be another reason for higher Tg value 

and higher modulus of PEGMA based polymer membranes. 

Figure 1. (A) 1H NMR spectra of PDMS-poly(STF-Li+-r-PEGMA)20 (top) and PDMS-poly(MPA-Li+-r-
PEGMA)20 (down); (B) FT-IR spectra of PDMS-NH2, PDMS-RAFT, PDMS-poly(STF-Li+-r-PEGMA)20 



 

and PDMS-poly(STF-Li+-r-PEGMA)20-PDMS10; (C1) Scanning electron microscopy (SEM), and Energy 
Dispersive X-ray Spectroscopy (EDX, C2, C3 and C4) mapping of PDMS-poly(STF-Li+-r-PEGMA)20-
PDMS10; (D1) SEM and EDX (D2, D3 and D4) of PDMS-poly(MPA-Na+-r-PEGMA)20-PDMS10; C2 and 
D2 shows the elementary distribution of fluoride (F), C3 and D3 shows the distribution of silicon (Si), C4 
and D4 shows the combined element distribution of Si, O, S, C, F (and Na for sample 9) 

 

Similar to STF-Li+, MPA-Li+ (inset of Scheme 1(B)) is a recently developed single-ion conducting 

monomer. With comparatively lower Tg value due to more flexible polymer backbone, the MPA-Li+ based 

single Li-ion conducting polymers are reported for improved conductivity.63, 66 After doping with 

propylene carbonate (PC) as plasticizer, the gel electrolyte can even be operated at ambient temperature.64  

Following the same procedure as STF-Li+ series (Table 1, 1-5), MPA-Li+ and MPA-Na+ based elastic 

polymer membranes (Table 1, sample 7 and 9) were also fabricated. EDX image (Figure 1(D)) 

demonstrated that the cation was even visible for Na+ based polymer membranes (PDMS-poly(MPA-Na+-

r-PEGMA)20-PDMS10, sample 9) in addition to the main elements because of the heavier nature of Na 

than Li. The design on sulfonylimide anion-based single sodium-ion conducting polymer electrolyte may 

benefit the future sodium-ion batteries. The non-crystalline nature of these polymer membranes (sample 

2, 7 and 9, Differential Scanning Calorimetry (DSC) curves in Figure S5 and WAXS in Figure S6) should 

be attributed to low MW of PEG and crosslinking nature of polymer membranes. This is vital to both 

stretchability and Li-ion conductivity of the membranes. The presence of only one Tg in the DSC curve 

demonstrated the absence of significant phase separation in the obtained membranes (sample 2,7 and 9). 

The broad peaks with Q values ranging from 0.11 to 0.20 nm-1 in the SAXS spectra (Figure S6) were 

observed. This is explained by the presence of nano-clusters rendered by the hydro-phobic interaction of 

RAFT-CTA. Similar phenomena have also been observed for the telechelic PDMS systems in which 

hydrogen bonding tails also renders the formation of nanoclusters.76 Poly(STF-Li+) and amorphous PEO 

are reported to be miscible with each other and will not result in any significant phase separation.63, 65, 69 

To eliminate the possibility that broad peaks in the SAXS spectra is due to the phase separation between 

PDMS matrix and PEO/poly(STP-Li+)(poly(MPA-Li+/Na+) segment, SAXS analysis of the linear random 



 

copolymer with RAFT-CTA (PEO-r-poly(MPA-Li+), see Figure S7) has also been performed, and as 

expected, the broad peak lying at 0.19 nm-1 was also observed. 

Mechanical performance evaluation Chemical crosslinking by isocyanate functionalized PDMS (V) 

will convert the liquid-like compound IV to the rubbery membranes (VI) (G' > G'' over wide range of 

frequency and presence of rubbery plateau) at ambient temperature.24 Physical crosslinking was also 

introduced to the elastic membranes due to the formation of urea (urethane) units during chemical 

crosslinking. Although the random copolymer PEO-r-poly(MPA-Li+) is the main chemical composition 

(~ 80wt%), the overall mechanical property of these polymer membranes is still mainly determined by 

the elastic PDMS matrix, because the PDMS serves as both polymer backbones and crosslinkers. While 

entanglements for PEO-r-poly(MPA-Li+) side chains is also possible, their contribution to overall 

mechanical performance should be negligible. As expected, simple hand pulling can easily extend the 

polymer membrane of sample 2 (Figure S8), similar to the isocyanate crosslinked PDMS membranes.13  

To quantify the mechanical property of the functional polymer membranes, rectangle-shaped polymer 

films with width of 5.0 mm and length of 4.0 cm have been fabricated for tensile tests (Figure 2(A)). 

Sample 2 (STF-Li+ as the monomer) can be stretched up to 88% before breaks, which should satisfy the 

requirement of stretchable devices.23 The elastic recovery of sample 2 was also evaluated by applying 10 

cycles of 50% strain (Figure S9). As seen in the hysteresis test, sample 2 exhibited outstanding elastic 

performance with the residual strains as 5% when stress is back to 0 at the first cycle, and remaining stress 

being 95% of initial stress (108 kPa vs 114 kPa) when having the same strain (50%) at 10th cycle. 

Although the sample after copolymerization with PEGMEMA (sample 4) is more stretchable than sample 

2 (211% vs 88%), the low tensile strength may limit the use in practical application as a free-standing film. 

The functional polymer membrane with MPA-Li+ as the monomer (sample 7) exhibited enhanced 

mechanical performance, i.e., higher extensibility (142% vs 88%) and ultimate tensile strength (0.64 MPa 

vs 0.37 MPa), which should be attributed to its high molecular flexibility.66 The MPA-Li+ based SICPE 

(sample 7) has higher Young’s modulus (0.53 vs 0.32 MPa) and ultimate tensile strength (0.65 vs 0.32 



 

MPa) than MPA-Na+ based SICPE (sample 9), probably due to the presence of coordinative ionic 

interaction of Li+ with PEO.65, 69  

Table 2. Combined Young’s modulus, elongation, toughness, and ultimate tensile strength of the 
stretchable single-ion conducting polymer electrolyte membranes. 

 

 
Figure 2. (A) Tensile test of elastic polymer membranes, see (Table 2) for combined results; (B) Rheology 
analysis of elastic polymer membranes (6, 7 and 8, master curves with reference temperature at 283.15K). 



 

 

Adjusting the crosslinking density has been demonstrated as a useful strategy to tune the 

mechanical performance of elastic polymer membranes, and our previous studies showed that crosslinking 

density was adjustable by modifying the MW of telechelic PDMS.12-13 Herein, the crosslinking density is 

also tuned by changing the molar ratio of elastic crosslinker (V) to grafted functional copolymers (IV). 

Using the grafted block copolymer, PDSM-poly(MPA-Li+-r-PEGMA)20, functional polymer membranes 

with molar ratio of V to IV being 5:1, 10:1 and 20:1 were fabricated (Table 2, sample 6, 7, 8). As 

manifested by the storage-modulus plateau in the rheology data of obtained polymer films (Figure 2(B)), 

the increased amount of crosslinker leads to higher crosslinking density, from 1.38×10-5, 2.31×10-5 to 

6.46×10-5 mol/cm3. As expected, the Young’s modulus, toughness, and tensile strength significantly 

increased with the crosslinking density. However, the extensibility did not show an obvious correlation 

with the crosslinking density, which was similar to our previously reported isocyanate crosslinked PDMS 

membranes that no direct correlation was observed between the Mn of PDMS and elongation before 

breaks.13 This can be explained by the increase in the crosslinking density that restricts the polymer 

segmental dynamics and makes the membrane less extensible. In the meantime, increasing the weight 

ratio of low-Tg component by the addition of PDMS crosslinker leads to lower Tg value of the system that 

tend to shorten the segmental relaxation time. Therefore, Tg value and extensibility of the membranes can 

be tailored by the balance of crosslinking density and weight ratio of low Tg polymer composition.  

 

Conductivity measurement and battery testing. Ionic conductivity () of the obtained SICPEs was 

measured using a broadband dielectric spectroscopy (BDS). To ensure an accurate ionic conductivity 

measurement with completely dried samples, all the samples were dried in a vacuum oven at 80 °C for at 

least three days. More than 30 scans at high temperature (~120 °C) were performed to ensure the 

reproducible data before starting the measurement with cooling and heating cycles. Moreover, the ionic 

conductivities at the same temperature during cooling cycle and heating cycle were confirmed to be the 



 

same before the data can be utilized. The real part of conductivity (') (Figure 3(A)) exhibits three visible 

regions: electrode polarization at low frequency, dc-conductivity (dc) in the frequency-independent 

region, and power law behavior (ac-conductivity) at high frequency.77 The temperature dependence of dc-

conductivity (dc) exhibits a crossover from an Arrhenius behavior to Vogel-Fulcher-Tammann (VFT) 

behavior upon heating above Tg (Figure 3(B)). This behavior is typical for polymeric electrolytes, which 

provides an alternative method for the measurement of Tg (see the fitting curve for sample 2 in Figure 

3(B)). The measured Tg value of the sample 2 from BDS is consistent with that from DSC (249 K/-25°C 

vs -17.5 °C), and significant difference in the heating rate (~ 0.33 °C/min for BDS vs 5 °C/min for DSC) 

might be the main reason for their slight difference.  As illustrated in the Table S1, the Tg values obtained 

from the two different methods are comparable for all of the measured SICPEs.  



 

Figure 3. (A) Dielectric relaxation spectra of sample 2 in the measured above (black lines) and below 
(purple lines) Tg=248.6 K presented at the conductivity vs frequency; (B) Temperature dependence of 
conductivity (dc) of the sample 1, 2, 4, 7 and 9 (See table 1 for detailed sample names); (C) Specific 
capacity and coulombic efficiency of the cell with sample 2 as the solid electrolyte with 0.1C at the 
temperature of 65 °C; (D) Chemical structure (see whole structure in Scheme 1(B)) and its corresponding 
tensile test of the stretchable polymers with PEO or poly(vinyl carbazole) as the functionalities. 

 

To investigate the relationship between the structural relaxation and diffusion of Li+ in the 

polymeric anions, a comparison between the segmental relaxation time () and conductivity relaxation 

time () has been plotted against the temperature dependence (Figure S10). The conductivity relaxation 

time () is determined by the peak maximum of the loss electric modulus (M″ from BDS) using the 

equation ƒmax, whereas the segmental relaxation time () is calculated from the frequency 

corresponding to the cross point of storage modulus (Gˊ) and loss modulus (G″) in the rheology test (See 



 

Figure S11 for one example). More than two-order difference between the  and  for PDMS-poly(STF-

Li+-r-PEGMA)20-PDMS10 (sample 2) indicates that the ionic dynamics are faster than segmental 

dynamics, which is a typical decoupling behavior. Unfortunately, the brittle nature of the PDMS-

poly(STF-Li+)20-PDMS10 (sample 1) makes the rheology test impossible for determining its  value. An 

alternative method is comparing their dc-conductivity (dc) at Tg, and the values higher than 10-15 S/cm 

at Tg usually indicates decoupled ion conduction. From this method, around five orders of decoupling 

between segmental and ionic dynamics is evident for the sample 1. This is consistent with previous reports 

that polymer electrolytes with more rigid structure (higher Tg) exhibit more significant decoupling.61, 78  

Although less significant decoupling was observed after copolymerization with PEGMA, the dc-

conductivity of PDMS-poly(STF-Li+-r-PEGMA)20-PDMS10 (sample 2) at the same temperature is 

significantly higher than that of sample 1 due to its significantly lower Tg values. Aside from the Tg effect, 

the density functional theory (DFT) computed interaction of Li+ and PEGMA (-3.0 eV) also facilitates the 

dissociation of the Li+ from its counter ions. Computational calculations also demonstrated that although 

stable three-body interactions are present (Li+-STF-PEGMA, -7.7 eV), the higher chance of two-body 

system (including Li+-STF, Li+-PEGMA, and STF-PEGMA, -10.2 eV in total) suggest the dynamic 

interaction of the obtained SICPEs. Increasing DPn of the side chain from 20 to 50 leads to increased 

weight ratio of functional units (from 79.2% to 90.8% in weight) and improved dc of obtained product 

(sample 3 vs sample 2, Figure S12). The comparative ionic conductivities of SICPEs with different 

crosslinking densities (sample 6, 7 and 8) is consistent with their comparative Tg values (Figure S13). 

Different monomers (MPA-Li+ vs STF-Li+) showed negligible difference in conductivity after 

copolymerizing with the same ratio of PEGMA (sample 7 vs sample 2 in Figure 3(B)). This is consistent 

with DFT computed interaction energies between MPA and Li+, and STF and Li+, which are essentially 

comparable (-6.3 eV and -6.4 eV, respectively). The PDMS-poly(STF-Li+-r-PEGMEMA)20-PDMS10 

(sample 4) exhibited around 5 times conductivity improvement due to lower Tg value and higher 

conformation freedom than that of sample 2, while sample 4 does not form a free-standing film. With 



 

equivalent molar ratio of PEGMA and PEGMEMA, PDMS-poly(STF-Li+-r-PEG)20-PDMS10 (sample 5) 

is a stretchable free-standing polymer film, and its dc-conductivity is comparable with that of sample 2 

(See Figure S14). 

The lithium-ion transference number (strictly speaking, transport number using this method) of 

PDMS-poly(STF-Li+-r-PEGMA)20-PDMS10 (sample 2) was measured to be 0.79 using the Bruce-Vincent 

method (see Table S2).  The electrochemical stability of elastic SICPEs was evaluated using the cell 

sandwiched between the metallic lithium and stainless steel (Figure S15). With initial oxidation occurs at 

3.5V, the successive cycles do not exhibit any side reactions until 4.2V, which may indicate the formation 

of passivation layer after initial cycle that prevent further oxidation of the SICPEs membrane. Herein, we 

chose LiFePO4 as the cathode and in-situ formation of sample 2 was also performed on the cathode, which 

is important to decrease the interfacial resistance.64 Moreover, instead of using conventional PVDF binder, 

SICPE (PDMS-poly(STF-Li+-r-PEGMA)20) was employed to ensure the efficient Li+ transfer in the 

cathode (60wt% LiFePO4, 30wt% PDMS-poly(STF-Li+-r-PEGMA)20, and 10wt% carbon black).63  With 

lithium as the counter electrode, the interfacial resistances of solid electrolyte with LiFeO4 cathode and 

Li metal anode were calculated to be 5040 Ω and 2130 Ω, respectively using the constant phase element 

(see details in Supporting Information). The galvanostatic test of the assembled cell is performed between 

3.8 V to 2.5 V with specific capacity and voltage profile shown in Figure 3(C) and Figure S17. Significant 

capacity loss and lower coulombic efficiency observed for the first two cycles can be explained by the 

formation of a passivation layer at electrode interface that consumes some lithium ion.63  More stable 

cycling performance was obtained in the following cycles, and the capacity retention is calculated to be 

81.5% after 100 cycles (Figure 3(C)).  

 

Stretchable polymers with other functionalities. The designed strategy on molecular-level stretchable 

functional polymer is not only useful for the fabrication of stretchable SICPEs (that can be used in 

stretchable batteries/electronics), but also is applicable for other kinds of stretchable functional polymeric 



 

materials. To demonstrate the versatility of the approach, we also fabricated the stretchable materials with 

other kinds of functionalities. As the first example, carbazole functionalized polymers were grafted onto 

PDMS backbone. Poly(vinyl carbazole) possesses semiconducting property and other unique 

photochemical, electro-optical, and electrochemical properties.79-82 From PDMS-backboned macro 

RAFT-CTA (compound III), RAFT polymerization of vinyl carbazole and PEGMA (molar ratio=3:1) will 

render the grafted block copolymer PDMS-poly(Cbz-r-PEGMA)20 with 1H NMR spectrum shown in 

Figure S12. Further crosslinking by elastic PDMS will render an elastic polymer membrane with around 

100% elongation before breaks (Figure 3(D)).  

PEO based polymer membranes are also useful for many fields, including solid electrolyte, anti-

fouling surface and gas-separation membranes.83-85 Our previous work demonstrated that incorporation 

of PEO will significantly improve the gas selectivity for the CO2/N2 separation due to its CO2-philic 

nature.85 With PEGMA and PEGMEMA (molar ratio=1:1) as the side chains, the elastic polymer 

membranes have been fabricated by using the same procedure described above. As expected, good 

extensibility (~50%) and modulus (Young’s modulus=1.00±0.09MPa) was obtained for PDMS-

poly(PEG)20-PDMS10 as shown in Figure 3(D). The gas separation performance of the obtained elastic 

membrane was evaluated for one of the potential applications (see Figure S13). From the representative 

plot of pressure increase, gas selectivity of the elastic polymer membranes with around 75% PEO in 

weight exhibited CO2/N2=36.5, which is a relatively high value among the elastic gas-separation 

membranes.13, 85 

 
CONCLUSION 

A robust platform on the fabrication of a molecular-level stretchable functional polymeric material has 

been developed via designing a crosslinked grafted block copolymer. The rational design allowed to 

successfully prepare a series of stretchable single-ion (Li+ and Na+) conducting polymeric materials with 

a random copolymer of PEGMA and Sty-Li+ (or MPA-Li+ or MPA-Na+) as the side chains and elastic 

PDMS as the polymer backbone and crosslinker. All of the membranes exhibited good extensibility before 



 

breaks. The mechanical properties of the elastic membranes are well-tunable by changing the molar ratio 

of elastic PDMS cross-linker and grafted block copolymers: higher molar ratio will render higher 

crosslinking density and hence higher Young’s modulus and tensile strength. Both copolymerization with 

PEO and increasing the side chain length improve the dc-conductivity at the same temperature, while 

changing the monomer types (STF-Li+ vs MPA-Li+) does not significantly affect its performance. 

Galvanostatic test of the assembled cell utilizing the fabricated SICPEs revealed satisfactory cycling 

performance with capacity retention at 81.5% after 100 cycles. The developed approach has also been 

proved being an important platform for synthesizing stretchable materials with other functionalities, such 

as poly(vinyl carbazole) based semiconductor and PEO based gas-separation membranes. 

With significant advantages of SICPEs in battery applications, the stretchable SICPEs provide the 

possibility to improve the overall performance of future stretchable batteries/devices. The versatile 

molecular-level design of the stretchable functional materials will also be insightful for both fundamental 

understanding and various other applications including but not limited to stretchable devices, coating and 

membranes. 

 

Nomenclature 

PDMS-NH2 (I): commercially available PDMS with numerous amine side groups; PDMS-RAFT (III): 
partially RAFT-CTA functionalized PDMS-NH2, herein, DGn of RAFT-CTA on the PDMS-NH2 is fixed 
as 29; PDMS-poly(STF-Li+-r-PEGMA)m (IV): random copolymer of STF-Li+ and PEGMA grafted 
PDMS, the DPn of the random copolymer is m; PDMS-poly(STF-Li+-r-PEGMA)m-PDMSn: elastic 
polymer membrane of PDMS crosslinked PDMS-poly(STF-Li+-r-PEGMA)m and molar ratio of PDMS 
crosslinker to PDMS-poly(STF-Li+-r-PEGMA)m is n. 
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