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Balancing the Mechanical and Optoelectronic Properties of Light-
Emitting Copolymers via Precise Control of Soft-to-Rigid Segment 
Ratio
Xinyu Liang,‡a Wenxin Huang,‡a Qingqing Lu,‡a Rui Gao,a Mengyuan Li,a Zhiqiang Zhuo,a Mingjian 
Ni,b Ning Sun,a Lili Sun,c Xiang An,a Yamin Han,a Jinyi Lina and Lubing Bai*a

Light-emitting polymers with tunable mechanical properties are desirable for flexible optoelectronic devices. Herein, 
adopting the synthetic routes for polyurethanes (PU), we successfully developed a series of blue light-emitting copolymers 
by incorporating diarylfluorene-based trimer (rigid segment) and polydimethylsiloxane (PDMS) (soft segment) with precisely 
tunable mechanical properties from brittleness to viscoelasticity. The impact of varied soft-to-rigid ratio on the balance of 
mechanical and optoelectronic properties was thoroughly investigated combining thermodynamic analysis, tensile testing 
of free-standing films and solution-processed polymer light-emitting diodes (PLEDs). These copolymers maintained efficient 
deep-blue emission regardless of segment ratio, and PLEDs based on these copolymers (content of PDMS < 30%) also 
exhibited comparable performances with a turn-on voltage of ~4 V. This study highlights the importance of achieving the 
optimal balance between mechanical and optoelectronic properties in materials design, providing critical insights for 
developing flexible optoelectronic polymers.

Introduction
Stretchable light-emitting devices have garnered substantial 
attention owing to their potential applications in next-
generation wearable electronics and flexible displays.1-3 Unlike 
the conventional structural engineering such as island-bridge, 
buckling or textile structures,4 polymer-based intrinsically 
stretchable light-emitting diodes offer unique advantages for 
applications that require both mechanical flexibility and stable 
optoelectronic performance.5 Approaches for regulating the 
mechanical properties of light-emitting conjugated polymers 
from brittleness to viscoelasticity, including side-chain and 
backbone engineering, have attracted much attention in recent 
years.6-10 Among these approaches, the construction of block 
copolymers incorporating non-conjugated elastic polymers has 
demonstrated significant potential for simultaneously 
enhancing mechanical toughness while introducing novel 
functionalities.11-15 However, since the optoelectronic 
properties of semiconducting polymers are predominantly 

governed by the π-conjugated moiety stacking, the 
incorporation of insulating non-conjugated elastomers would 
inevitably compromise charge transport mobility and ultimately 
degrade device performance.6,17 Thus, achieving an optimal 
balance between mechanical and optoelectronic properties in 
these block copolymers is necessary for advancing stretchable 
light-emitting devices.

Indeed, the enhancement of fracture strain achieved 
through side-chain or backbone engineering of conjugated 
polymers is inherently limited. To address this, constructing 
composite semiconducting polymer films by blending with 
thermoplastic elastomers (TPEs), such as polyurethane (PU) and 
polyolefin (PO), has been extensively explored in stretchable 
organic light-emitting diode (OLED),18,19 organic field-effect 
transistor (OFET)20-22 and organic photovoltaic (OPV).23,24 
However, for polydimethylsiloxane (PDMS), an elastomer 
renowned for its exceptional stretchability, optical 
transparency and thermal stability,25 the large Flory-Huggins 
interaction parameter (χ = 4.04 K) between it and  conjugated 
polymers always leads to significant phase separation inside 
composite films,19 which has deleterious effects on the 
optoelectronic performances. Previous studies about PDMS-
based copolymers has predominantly focused on their 
mechanical properties for applications as the substrate of 
flexible electronics. Recently, incorporating π-conjugated rigid 
components into elastic polymers by controlling the ratio of 
soft-to-rigid segments in polymer chains has emerged as a 
promising approach to develop stretchable light-emitting 
polymers.14,26 In this context, investigating PDMS-based block 
copolymers with systematically varied segment ratios is 
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meaningful for elucidating the fundamental structure-property 
relationship in this novel kind of optoelectronic copolymers.

In this work, by adopting a synthesis procedure compatible 
with scalable manufacturing, we designed a series of PUTrF-co-
PDMS copolymers with tunable mechanical properties by 
varying the ratio between rigid (diarylfluorene trimer, a high-
efficiency blue emitter) and soft (PDMS) segments. The 
influence of copolymerization ratio on the thermodynamic, 
mechanical, and optoelectronic properties of these copolymers 
was systematically investigated. Furthermore, the solution 
processability and performance characteristics of polymer light-
emitting diodes (PLEDs) fabricated from these polymers were 
comprehensively evaluated. This comprehensive study 
elucidates the fundamental structure-property relationship 
while simultaneously advances the development of high-
performance light-emitting polymers tailored for stretchable 
displays.

Results and discussion 
Preparation and structural characterization
Firstly, a diarylfluorene-based trimer (TrF-OH) with terminal 
hydroxyl groups was synthesized, and mixed with hydroxyl-
terminated polydimethylsiloxane (PDMS-OH, Catalog No. 
481246) in different molar ratios. Then, the mixtures were 
reacted with 1,6-hexamethylene diisocyanate (HDI) to yield the 

target copolymers, PUTrF-co-PDMS, which were respectively 
designated as PUTrF, PUTrF-10-PDMS, PUTrF-30-PDMS, and 
PUTrF-50-PDMS, according to their rigid-to-soft segment ratios 
(x:y = 10:0, 9:1, 7:3, 5:5) (Figure 1a). The detailed synthesis 
procedure is described in the Supplementary Information 
(Schemes S1). All materials involved in the synthetic routes 
were characterized and confirmed by 1H-NMR, 13C-NMR, and 
mass spectrometry, respectively (Figures S1-S7). The calculated 
incorporation ratios of PDMS in the copolymers are consistent 
with the theoretical ratios (Table S1). The number-average 
molecular weight (Mn) and polydispersity index (PDI) of these 
copolymers were measured by gel permeation chromatography 
(GPC) with tetrahydrofuran (THF) as the eluent (Table S1). As 
shown in Figure 1b, these copolymers exhibit distinct 
morphological variations dependent on PDMS content at room 
temperature. It’s obvious that, the physical state of PUTrF is a 
hard and brittle bulk powder. When the ratio of PDMS increases 
from 10% to 30%, the copolymers become more softer while 
maintaining solid-state. Notably, PUTrF-50-PDMS exhibits a 
cream-like viscous state at ambient temperature, 
demonstrating the effectiveness of incorporating soft segment 
in modulating the polymer mechanical properties.

Interchain hydrogen bonding interactions
To further verify the successful incorporation of PDMS segment, 
Fourier-transform infrared spectroscopy (FT-IR) analysis was 

Fig. 1 (a) Design of the chemical structure of PUTrF-co-PDMS. (b) The photographs of copolymers at room temperature with PDMS ratio of 0%, 10%, 30% and 50%, named as PUTrF, 
PUTrF-10-PDMS, PUTrF-30-PDMS and PUTrF-50-PDMS, respectively.
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performed on these copolymers. As shown in Figure 2a, the 
characteristic peak of Si-CH₃ stretching vibration at around 1260 
cm⁻¹ and Si-CH₃ bending vibration at around 800 cm⁻¹, as well as 
the Si-O-Si asymmetric stretching vibration at 1000-1100 cm⁻¹ 
became more prominent with increasing PDMS content, 
confirming the successful incorporation of soft segments in 
these copolymers. Significantly, as a new type of polyurethane, 
these copolymers contain urethane groups that capable of 
forming interchain hydrogen bonds. Thus, in order to confirm 
this non-covalent interaction, temperature-dependent FT-IR 
measurement was conducted on the representative polymer-
PUTrF. Figure 2b reveals the temperature-dependent spectral 
shifts of the stretching vibrations of N-H at 3500-3200 cm-1 and 
C=O at 1680-1800 cm-1 across the temperature range of 30 to 
200oC. As the temperature increases, we observed that the 
intensity at 3338 cm⁻¹ corresponding to bonded N-H decreases, 
while the intensity at 3430 cm⁻¹ corresponding to free N-H 
increases. The ratio variation shown in Figure 2c clearly reveals 
this trend. Meanwhile, the characteristic peak of bonded C=O 
at 1700 cm-1 exhibited an intensity reduction and a 10 cm-1 blue 
shift. These observations clearly demonstrate the thermal 
dissociation of interchain hydrogen bonds between urethane 

groups. Furthermore, Two-dimensional correlation 
spectroscopy (2D-COS) analysis of the N-H and C=O vibrational 
regions was performed (Figure 2d), revealing strong spectral 
correlations in these characteristic peaks. As we know, 
constructing dynamic non-covalent interactions, particularly 
hydrogen bonding, within flexible polymer chains represents an 
significant approach for enabling internal energy dissipation 
upon strain.27 Therefore, we speculate that the internal 
plasticizing effect of PDMS soft segments and the interchain 
weak interactions will have a synergistic effect on the polymer’s 
mechanical properties. 

Thermodynamics, mechanics, and rheological testing
Thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) were conducted to characterize the thermal 
properties of these copolymers in detail (Figures S8 and S9). 
Figure 3a shows the variation of decomposition temperature 
(Td) and glass transition temperature (Tg) of PUTrF-co-PDMS 
copolymer with increasing content of soft segment. All these 
copolymers exhibited appreciated thermal stability, with Td 
remaining above 300oC, while exhibiting a substantial decrease 
in Tg from 147oC to 5oC with the increased proportion of PDMS. 

Fig. 2 Characterization of interchain hydrogen bonding interactions. (a) Fourier transform infrared (FT-IR) spectra of these copolymers. (b) Temperature-dependent FT-IR spectra of 
PUTrF with temperature from 30°C to 200°C, with an interval of 10°C. (c) The ratio variation in characteristic peak intensity of free N-H bonds to hydrogen-bonded N-H bonds. (d) 
2D-COS synchronous spectra of N-H stretching vibration peak (left) and C=O stretching vibration peak (right), which generated from temperature-dependent FT-IR.
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For copolymers with 30% and 50% PDMS incorporating, they 
exhibited a melting peak around 210oC. These results clearly 
demonstrate that the introduction of soft segments enhances 
polymer chain mobility and increases free volume, thereby 
reducing the activation energy required for chain segment 
motion. However, due to the inherent brittleness of these 
copolymers at low soft-to-rigid ratios, both PUTrF and PUTrF-
10-PDMS could not be fabricated into free-standing films for 
tensile testing. Consequently, quantitative mechanical 
characterization via tensile testing was conducted for PUTrF-30-
PDMS. Figure 3b reveals that PUTrF-30-PDMS achieves an 
elongation at break of 30% with an elastic modulus of 300±80 
MPa. The modulus is comparable to the 173 MPa of block 
copolymers based on diketopyrrolopyrrole (DPP) and poly(ε-
caprolactone) reported by F. Sugiyama and co-workers15. 
PUTrF-50-PDMS shows a cream-like viscous state at ambient 
temperature due to the high flexibility and segmental migration 
of the molecular chains, which prompted us to conduct 
rheological test. Figure 3c displays the shear sweep viscosity of 
this copolymer, which decreased in one order of magnitude (104 
to 103 Pa·s) with increasing angular velocity (ω). One reason is 
that the molecular chains were gradually disentangled and 
oriented along the flow direction, and the other reason is that 
the hydrogen bonds were broken under strong shear force, 

leading to weakened intermolecular interactions. Additionally, 
the storage modulus (G') and loss modulus (G") shown in Figure 
3d reveals that, PUTrF-50-PDMS appears as a viscous state (G’ < 
G") at low shear rate (< 62 rad/s), owing to the dissipation of 
soft segments plays a dominant role. On the contrary, the 
copolymer appears as an elastic state (G’ > G) at high shear rate 
(> 62 rad/s), attributable to the predominance of dynamically 
reversible hydrogen-bonded interchain crosslinks that 
effectively suppressed extensive polymer chain slippage under 
rapid shear conditions. This phenomenon was consistent to the 
time-temperature superposition rheological master curves at 
the reference temperature of 20oC that performed on PUTrF-
50-PDMS (Figure S10). These results demonstrate that 
constructing copolymers by combining chain segment of 
elastomers and interchain non-covalent interactions is a 
practical strategy for tuning the mechanical properties of 
polymers tailored for stretchable electronics.

Solution processability of these copolymers 
These copolymers exhibit good solubility in chlorobenzene (CB) 
solvent, forming optically transparent solutions upon heating. 
In contrast, PUTrF-30-PDMS and PUTrF-50-PDMS solutions in 
toluene remained turbidity even at elevated temperatures, 
which mainly resulted by the stronger hydrogen bonding 

Fig. 3 (a) The decomposition temperature and glass transition temperature of PUTrF-co-PDMS. (b) Stress-strain curve of free-standing film of PUTrF-30-PDMS. (c) The shear sweep 
viscosity, as well as (d) storage modulus (G’) and loss modulus (G’’) versus angular velocity of PUTrF-50-PDMS in solid state. The inset shows the copolymer in testing.
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facilitated by decreased polymer chain flexibility. Thus, we 
selected CB as the solvent for solution processing, and 
characterized their film morphologies and stacking structures 
by employing atomic force microscopy (AFM) and grazing 
incidence X-ray diffraction (GI-XRD). Figure 4 displays the height 
images of solution-processed films before and after thermal 
annealing. It can be observed that films of PUTrF and PUTrF-10-
PDMS exhibit an extremely smooth and flat surface with root- 
mean-square roughness (Rq) below 0.5 nm, indicating the 
proportion of PDMS has not yet significantly disrupted the film 
uniformity. However, as the proportion of PDMS increased from 
30% to 50%, microscopic phase separation emerged and 
became more pronounced in the film of PUTrF-50-PDMS. As 
shown in Figure S11, the phase image of this copolymer film 
presents an "island-like" topography, where the separated 
“island” corresponds to the domain of rigid segment and the 
continuous “ocean” represents the flat region of soft segment. 
This microscopic phase separation is primarily driven by the 
interfacial energy difference between soft and rigid segments 
during film formation, that the rigid chains self-assembled into 
densely packed domains due to reduced chain mobility and 
lower volumetric shrinkage. Additionally, the surface 
morphologies of these films kept stable after thermal annealing, 
indicating the good thermal stability of these copolymers during 
device fabrication (Figure 4b). From the 2D patterns of GI-XRD 
shown in Figure S12, no sharp diffraction rings and spots 
appeared in these solution-processed films, indicating the 
amorphous state of them. All of these results above 
demonstrate that the soft-to-rigid segment ratio significantly 
influences the morphological evolution of solution-processed 
films, which will have great impact on the devices’ 
performances.

Optical spectra and PLEDs characterization
Photophysical properties of these copolymers in film state were 
investigated. The maximum absorption peak of all these 
copolymers is located at 359 nm due to they possess identical 
conjugated units (Figure S13). Moreover, all the films exhibited 
deep-blue emission with peaks located at 403 nm and 425 nm, 
corresponding to 0-0 and 0-1 vibronic transitions, respectively 
(Figure 5a). The consistent optical spectra indicates that the 
ratio of soft-to-rigid segments have negligible influence on the 
photophysical properties of diarylfluorene trimer. The solution-
processed films exhibited photoluminescence quantum yields 
(PLQY) of approximately 30%, comparable to that of blue light-
emitting conjugated polymers, demonstrating the stability in 
radiative recombination efficiency despite structural 
modifications (Figure S14). In addition, the photoluminescence 
(PL) lifetime of these films were measured (Figure S15), and all 
copolymers exhibited single-exponential decay curves with 
lifetime values about 0.4 ns, confirming that the dominant 
singlet exciton behavior have not been affected in these novel 
copolymers.

Ultimately, polymer light-emitting diodes (PLEDs) were 
fabricated in order to investigate the electroluminescent (EL) 
properties of these copolymers. Figure 5b displays the device 
structure and energy level diagram of the functional layers, 
where the spin-coated copolymer films were adopted as the 
emitting layer (EML). The energy levels of the highest occupied 
molecular orbital (HOMO) of them were determined by cyclic 
voltammetry (CV) measurements. As shown in Figure S16, the 
HOMO energy levels of PUTrF-co-PDMS remain almost 
unchanged (-5.8 eV) across the PDMS ratio ranging from 0 to 
30%. However, when the ratio increased to 50%, the HOMO 
energy level deepened significantly to -6.5 eV, creating a 
substantial energy barrier for hole injection into the EML and 

Fig. 4. Morphology characterization of solution-processed films. AFM height images of (a) the pristine spin-coated films and (b) thermal annealed films of these copolymers, tested 
in taping-mode with scan size of 5×5 μm. Thermal annealed condition: 120oC for 15 min under N2 atmosphere.
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consequently impairing the charge recombination efficiency. 
That is why the PLED device based on PUTrF-50-PDMS failed to 
operate under the same condition. From the current density-
voltage-luminance (J-V-L) curves depicted in Figure 5c, it can be 
observed that the turn-on voltages (Von) of PLEDs based on the 
other three copolymers are around 4 V, comparable to those of 
polyfluorene-based blue PLEDs.28 However, owing to the non-
conjugated soft chains inevitably trap the charges and impede 
exciton recombination, the maximum luminescence of devices 
based on PUTrF and PUTrF-10-PDMS can only reach 436 and 
439 cd/m², while the maximum luminescence of device based 
on PUTrF-30-PDMS is drastically reduced to 103 cd/m². 
Furthermore, the voltage-dependent EL spectra in Figures 5d 
and S17 reveal that these devices initially exhibit deep-blue 
emission with peaks at 404 and 423 nm, while an green 
emission (> 468 nm) emerges prominently at applied voltages 
above 7 V. The undesirable emission primarily originates from 
low-energy defect states induced by interchain aggregation.29,30 
The maximum external quantum efficiency (EQE) values of 
devices based on these novel copolymers are 0.6% for PUTrF, 

0.7% for PUTrF-10-PDMS (Figure 5e). Nevertheless, the EQE of 
the device based on PUTrF-30-PDMS sharply decreased to 
0.07%. In order to investigate the carrier transport ability of 
these copolymers, we fabricated single-charge-carrier devices. 
The average hole and electron mobility calculated by space-
charge limited current (SCLC) method were shown in Figure 
S18-S20. We observed that, the hole mobility of these polymers 
showed gradually decrease as the ratio of PDMS increased from 
0% to 50%. However, the electron mobility exhibited a non-
monotonic dependence on PDMS ratio, the average value 
increased initially as the ratio of PDMS increased from 0% to 
30%, then reduced drastically at 50% ratio. Therefore, we 
attribute the failure of device based on PUTrF-50-PDMS to the 
significantly reduced carrier mobility, with both hole and 
electron mobility being severely compromised at this content. 
As for the dropped EQE observed in devices based on other 
copolymers, we speculate it was the result of a combination of 
multiple factors, including the imbalanced carrier mobility and 
increased morphological heterogeneity. Thus, constructing 
stretchable emitting layer without sacrificing the devices’ 

Fig. 5. (a) PL spectra of PUTrF-co-PDMS spin-coated films. (b) Energy level diagram of PLEDs. (c) Current density-Voltage-Luminance characteristic curves of the PLEDs. (d) EL spectra 
of PUTrF-based PLED at different voltages. (e) EQE-Current density curves of PLEDs based on PUTrF-co-PDMS films.
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performances still remains huge challenges. It’s urgent to 
explore effective approaches for achieving an optimal balance 
between mechanical and optoelectronic properties in these 
block copolymers.

Conclusions
In this study, by incorporating diarylfluorene-based trimer (rigid 
segments) and PDMS (soft segments) through 
polycondensation for fabricating PU, we reported a series of 
blue light-emitting copolymers with tunable mechanical 
properties. By varying the ratio of soft-to-rigid segments (0-
50%), these copolymers transitioned from brittle solid to 
viscoelastic materials with Tg reduced from 147oC to 5oC. The 
interchain hydrogen bonding formed by urethane groups 
contributed to shear-thinning behavior (10-4 to 10-3 Pa·s) and 
elastic-viscous transition. The solution-processed films of these 
copolymers maintained deep-blue emission with a PLQY of 
~30%. In addition, PLEDs based on some of these copolymers 
were successfully fabricated, and the turn-on voltages (~4 V) 
were comparable to the reported blue PLEDs. However, due to 
the charge trapping and aggregation-induced defects, these 
devices showed limited luminance (< 440 cd/m2) and 
unsatisfactory EL spectra stability. Our work provides a feasible 
strategy for designing stretchable light-emitting polymers and 
highlights the importance of balancing the mechanical and 
optoelectronic performances for flexible optoelectronics.
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