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Abstract

Conjugated polymers consist of complex backbone structures and side-chain moieties to meet
various optoelectronic and processing requirements. Recent work on conjugated polymers has
been devoted to studying the mechanical properties and developing new conjugated polymers with
low modulus and high crack onset strain, while the thin film mechanical stability under long-term
external tensile strain is less investigated. Here we performed direct mechanical stress relaxation
tests for both free-standing and thin film floated on water surface on both high-7; and low-7}
conjugated polymers, as well as a reference non-conjugated sample, polystyrene. We measured
thin films with a range of film thickness from 38 nm to 179 nm to study the temperature and
thickness effect on thin film relaxation, where an apparent enthalpy—entropy compensation effect
for glassy polymer PS and PM6 thin films was observed. We also compared relaxation times across
3 different conjugated polymers and showed that both crystalline morphology and higher modulus

reduce the relaxation rate besides higher glass transition temperature. Our work provides insights



into the mechanical creep behavior of conjugated polymers, which will have an impact on the

future design of stable functional organic electronics.
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Introduction

Various organic electronic devices like organic-field-effect transistors (OFETs), organic
thermoelectric and organic photovoltaics (OPV) are using conjugated polymers (CPs) as their
active layer. ! For the past few years, many CPs have been studied extensively to explore their
potential as flexible electronics, due to their unique ability to transfer charges while being
mechanically flexible.? CPs have a complex backbone and side-chain moieties to allow versatile
control of its electronic and mechanical properties,* resulting in a broad range of glass transition
temperatures (7,).6® It has been reported that side-chain length can greatly influence chain

-1 in the thin-film state, where the dynamics of the backbone are greatly accelerated by

dynamics
the longer alkyl sidechains. During the device operation, particularly in thin film devices,
prolonged deformation can occur. This sustained external stress induces alterations in chain
conformation and film morphology, ultimately resulting in a decline in performance. Consequently,
there is a critical need to assess the stability of the device under external stress conditions. Despite
those works, there is little study to understand the relaxation behavior of conjugated polymeric
film under tensile load. However, the knowledge of CP thin film’s mechanical behavior under

external loads could be leveraged to improve the stability of various organic electronic devices

under mechanical stress.



It is widely observed that thin film’s properties could differ with bulk as film thickness decreases

12-15 "and Young’s modulus.'¢ For a free-standing

(e.g. for film within 10s of nm). It can be the T,
thin film, the reduction of 7, can be explained by having two highly mobile layers near the film-
air interface.!”?? For the supported thin film, various substrates interacting with the film could also

alter chain dynamics, as demonstrated in previous studies on silicon?, silicon oxide®*?,

polydimethylsiloxane?®, poly(methyl methacrylate)?, ionic liquid*® and water.'6:3!

Many experimental techniques have been developed to probe the polymer chain dynamics in
thin films, especially for the model system polystyrene (PS) thin film. Using X-ray reflectivity,
Yang et al’? found that for the ultrathin PS film, the relaxation can happen even at room
temperature, indicating the substrate absorbs polymer chains and reduces the film dynamics.
Akabori et al. >* used supported dynamic mechanical analysis (DMA) to show that the free surface
and the substrate interface can have contrasting effects on PS film dynamics. However, Lu et al.*°
demonstrated that thin PS films with thicknesses below 100 nm floated on the ionic liquid have 7}
values similar to that in the bulk, independent of initial film thicknesses. Hanakata et al.3*
performed molecular dynamics simulations to systematically investigate the influence of solid
substrate properties on relaxation in supported polymer films and found that substrate identity
significantly influences overall thin film chain dynamics. Torkelson et al.3*33 used ellipsometry
and fluorescence methods to investigate the confinement effect and found that the dynamic
heterogeneity is more obvious in glassy thin films. These extensive experiments and sometimes
contradicting results reflect the dynamic heterogeneity nature of the glassy polymer chain in thin

films. While these studies provide good predictions for behaviors of linear glassy chain dynamics,

the elucidation of the stress relaxation of the entire polymer films is lacking. A highly mobile layer



is shown to cause the thin film to relax below 7, however, how deep can this surface influence
the film is less considered.?#3

Due to the fragile nature of thin films, applying tensile tests on polymer thin films (below 100
nm) can be challenging. Atomic Force Microscopy (AFM) has been widely used to measure partial
topography relaxation®® or structure recovery through nanoindentation at the thin film surface.
Apart from the microscopy tool, Chung ef al.?® reported a thin PS film relaxation measurement
using buckling metrology supported on a PDMS substrate. They used a stretched exponent
equation to model the stress relaxation process and found Arrhenius-type temperature-dependent
relaxation time and an apparent entropy-enthalpy compensation behavior, which were in
accordance with the simulation predictions.?? This further demonstrated the dynamic heterogeneity
of chain dynamics at different depths in the thin glassy film. Chan et al.>’ used a thermal wrinkling
method to show the viscoelastic nature of thin PS film caped by silicon and aluminum substrates
ranging from 642 nm to 74 nm above PS glass transition temperature. Despite mature literature on
thin film relaxation of PS films, up to date, direct probing the stress relaxation for stretched
conjugated polymeric thin film has not been reported.

In this work, we reported the first in-depth stress relaxation behavior study of sub-100nm
supported and free-standing conjugated polymer thin films. Recently, we have developed a new
method to achieve the uniaxial tensile test with either film floated on water or fully free-standing
film, and probe the elastic modulus and fracture behaviors on thin films.?"3® By incorporating a
heating element and water compensation system here, we now can track the stress relaxation of
polymer thin films with different thicknesses and at different temperatures. By monitoring the time
evolution of the stress dissipation in polymeric thin films, we can measure the relaxation process,

model the stress relaxation, and understand its underlying mechanism. We further conducted the



relaxation measurement on free-standing films to further remove the water bath effect, using a thin
film transfer method that our previous work reported by the shear motion transfer process.>* We
systematically investigated the role of film thicknesses and temperatures in the relaxation behavior
of conjugated polymeric films. Our study involved polystyrene (PS), PBDB-T-2F (PM6),
poly(9,9-didecylfluorene) (PFO-C10), and poly[2,5-(2-octyldodecyl)-3,6-diketopyrrolopyrrole-
alt-5,5-(2,5-di(thien-2-yl)thieno [3,2-b]thiophene)] (PDPP-TT). Using our unique setup, we were
able to expand upon our previous understanding of how polymer chain dynamics is affected in
various thin film systems by studying the influence of temperature and thickness on the relaxation
process of the aforenoted CPs. Interestingly, low 7, polymer showed stress fast relaxation and it
further hastened upon thin film confinement. Surprisingly, we discovered that despite a similar
apparent backbone 7,, PM6 relaxed much faster than its non-conjugated peer polymer, PS. The
finding suggests that local heterogeneity between the backbone and alkyl sidechain is an important

consideration for stress relaxation for conjugated polymer thin films.

Experiment

1. Materials

PS (Polymer Source, number averaged molecular weight M, = 173 kg/mol, Dispersity D =1.06),
PBDB-T-2F (PM6) (Ossila, M, = 28 kg/mol, D = 2.46) and PDPP-TT (Ossila, M, =29.6 kg/mol,
D = 3.36) were used as received. PFO-C10 (M, = 36 kg/mol, B =3.29) was synthesized in-house
according to the previously reported method. PDMS (Dow Corning Sylgard 186) was mixed at a
ratio of 10:1 and cured at 50 °C overnight. All the solvents were from Thermo Scientific and used
as received.

2. Sample preparation



Thin films were prepared via spin-casting (5-30 mg/mL PS, 10-20 mg/mL conjugated polymers)
onto poly (sodium 4-styrenesulfonate)-(PSS)-coated silicon wafers. The wafer was oxygen plasma
etched before spin coating to clean the surface and form a hydrophilic surface.*’ Thin film samples

were then vacuum annealed for over 10 hours above their respective Ty values (130 C for PS and
PM6, 50 ‘C for PFO-C10 and PDPP-TT) to remove any possible residual solvents, as well as to

eliminate internal stress accumulated during spin coating.!>*' Films were then cooled down to

room temperature at a rate of 1 ‘C/min to prevent thermal stress accumulation. Lastly, films were

laser patterned into a dog-bone shape with a gauge length of 8 mm and a width of 2 mm.

3. Thin-film stress relaxation test on a pseudo-free standing tensile tester

The pseudo-free tensile test with temperature control was based on a customizable thin-film
tensile tester.?! For this testing system, specimens were manually floated onto deionized (DI) water
and then attached to a high-precision load cell and linear stage. The specimen was grabbed by two
rectangular PDMS (10:1 ratio) pads with a dimension of 6 x 8 mm. Experimentally crosslinked
PDMS showed no stress relaxation (Figure S1 ), and it was treated as an elastomeric species in the
tensile test as the literature mentioned.*? After equilibration at the desired temperature, a small
strain of 0.8% was applied to a thin film with a strain rate of 5 x 10~ s”!. Stress recording started
simultaneously. The force on the sample was recorded at a rate of 2 Hz, with an initial force
determined through the value of maximum force. The temperature of the water was controlled
through a temperature controller. The maximum water temperature accessible in this work was
limited to 50 ‘C to reduce water condensation onto the instrument. The water surface was
maintained at the same height level throughout the test by replenishing water back into the water

bath using a syringe pump, in order to compensate for the evaporation of water at elevated

temperatures. The water evaporation rate was measured independently and used here.



4. Free-standing thin-film stress relaxation test

The free-standing tensile tester is described in detail in our previous published works through a
unique thin film shear transfer process to move the film from water surface to air to form sub-
100nm freestanding film.>* The temperature for the free-standing thin film tensile test was
controlled using a temperature-controlled chamber (see Figure S2).

5. Film thickness measurement

The film thickness of prepared polymer thin films was measured via an interferometer
(Filmetrics F20-UVX) and an AFM (Cypher Asylum AFM) respectively. Thickness was averaged

over three different measured areas.

Result and discussion

Table 1 Summary of molecular weight, dispersity, glass transition temperature 7, and sidechain
mass fraction of polymers used in this study.

Name M D T5 (°C) sidechain
(kg/mol) mass fraction

PS 173 1.06 105 --

PM6 28 2.46 138 0.36

PDPP-TT 30 3.36 3* 0.54

PFO-C10 36 3.29 73 0.59

* Adopted from ref 43.
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Figure 1 Representative stress relaxation setup and results for polymer thin films. (a) Chemical
structures of four polymers (1) PS, (2) PFO-C10, (3) PDPP-TT, and (4) PBDB-T-2F (PM6).
Sidechains are highlighted with orange shadows. (b) The apparatus of the pseudo-free standing
tensile tester with a hot stage at the bottom of the water bath and a syringe pump on the left to
replenish the evaporated waters. The insert shows typical stress relaxation data. (c¢) Representative
raw result (wavy curve) and KWW equation fitting curve (smooth curve) for PS films with

different thicknesses at 30 'C (c) and 58 nm films (d) at different temperatures. Fitting parameters

as a function of film thickness (e), based on data (c¢) and temperature (f), based on data (d), where

7 is the relaxation time (black square), and f is the stretching exponent (red circle).

We first validated our measurement technique on the model PS thin film and examined the
thickness and temperature effect on the thin-film relaxation behavior. Our stress relaxation
measurement was directly performed on dog-bone-shaped thin films floating on the water (Figure
1b). Permanent plastic deformation was prevented by applying a small strain (0.8%) that is below
its yield strain (Figure S4). The force on the films dropped after the stretch and continued to
decrease. To quantify stress relaxation, the force on the film was normalized by the maximum
force Fpprmatizeda = F/Fmnax, Where the Fiuq is the maximum force on the sample upon stretching.
Traditionally, stress relaxation in supercooled liquids can be described by Kohlrausch—Williams—

Watts (KWW) function?® 32 4445

Frormaiizea(t) = exp [_(t/T)ﬁ] (D
where 7 is the relaxation time, and f is the stretching exponent varying from 0 to 1%, As shown

in Figure 1c¢, all relaxation curves for PS thin film fit well to KWW equation over a long time



scale. It 1s also noticed that the stress relaxation increased below 100 nm when the film is under a
confined state. The phenomenon of fast chain dynamics upon confinement agreed well with other
reports using the thin film buckling technique from thin film on top of PDMS substrate.?® It's
important to highlight that data from the long-time range holds more weight in the fitting process
compared to data from the short-time range. This is primarily due to the larger volume of data
available, which makes short-time range fitting less optimal. The observed noise in short-time data
can be attributed to the inertia of the load cell, a phenomenon that is more pronounced at elevated
temperatures. This effect is particularly significant as film thickness decreases or temperature rises.
For example, it was reported that the 7, of PS films decreases significantly below 80 nm*’,
implying a faster stress relaxation rate than bulk. To quantify the relaxation kinetics, we examined
the film thickness and temperature effect on t and B, as shown in Figure 1e and 1f. A steady
increase of B as thickness decreases/temperature increases has been demonstrated previously?® 48,
which was attributed to a reduction of dynamic heterogeneity within the polymer sample*. Such
heterogeneity decrease originates from a highly mobile layer on the glassy film and air interface.?"
30 At higher temperatures, the mobility of polymer chain segments is enhanced, thus t decreases
drastically, for example, for 70 nm thin PS films the relaxation time 7 decreases from 3.6 x 101°
s to 3.2 X 10° s when temperature increases from 20 “C to 50 °C (Figure S6). This effect can be
attributed to the increase in the volume of the mobile layer.!” For example, the relaxation time 7

dropped for 7 orders of magnitudes from 114 nm to 38 nm films at 30 C (Figure 1e). Thus, we

demonstrated and validated a new reliable technique that can directly probe the stress relaxation

for thin-film samples down to 40 nm.
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Figure 2 Arrhenius behavior of relaxation time as a function of film thickness and temperature for

(a) PS (b) PM6 (c) PFO-C10 and (d) PDPP-TT with their 7, values. The inset plot shows 7, and
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the activation energy, obtained from the intercept and slope of the fitting straight lines, respectively.

The DMA measurement results for the 7,s of the PM6 (e), and PFO-C10 (f) polymer respectively.

After validating our methodology on the PS thin film, we selected three representative CPs that
were previously used in OPV, OLED, and OFET respectively, including PBDB-T-2F (PM6), PFO-
C10, and PDPP-TT. Their 7, values were determined by DMA (Figure 2¢, f and Table 1). In bulk
polymer systems, temperature-dependent relaxation behavior follows a linear Arrhenius
relationship. Such an Arrhenius-type temperature dependence has been previously observed in thin

glassy polymer films.>!> We applied a relaxation time correction using Eq. 2:

(1) = f0+°° exp[—(t/r)ﬁ] dt = T'(1/B)B )
This correction produces an averaged relaxation time (t) as described by previous reports>?

where I' is the Gamma function, and f is the stretching exponent. Relaxation time can be described
as a function of film thickness h and temperature T,*® which can be written as:

(V) (hy, T) = to(hy)eFalh/RT 3)
where 7, is a prefactor, E, is the activation energy for the relaxation process, and R is the gas
constant. The strength of temperature dependence on relaxation time becomes weaker as film
thickness decreases, evidenced by the decrease of slope of the straight line. It is noticed that as
film thickness decreases, T decreases linearly in all Arrhenius plots (Figure 2). Meanwhile, the
temperature influence on relaxation time T becomes weaker in thinner films, leading to a drop in

E.. This is expected as film polymer segments are close to the highly mobile surface in confined

film.

12



By comparing these four polymers, PS and PM6 showed a converging trend for different film
thicknesses, or there exists a common temperature, 7comp, Where films of varying thicknesses have
comparable relaxation times (Figure 2a, b). This can be verified by plotting the intercept and slope
of the fitting lines which follow a linear trend, as shown in the inset. This common temperature
was typically referred to as the enthalpy—entropy compensation temperature, which had been
observed in previous experiments through the film-on-elastomer method.?® Theoretical studies
also showed that Teomp was usually close to the T, of bulk glassy materials.’* However, it should

be noted that the observed Teomp for PS is 60 = 3 “C, which is below its 7y of 100 ‘C.> Such

inconsistency could result from the influence of water substrate on the polymer chain dynamics
during stress relaxation. Liquid water is considered a soft substrate, and it could plasticize the
polymer and accelerate the local polymer chain dynamics at the polymer-water interface.*!> 3¢
Previously, the presence of water in the thin PS film was confirmed by quartz crystal microbalance
(QCM) and neutron reflectivity.®® It is expected that this slow water saturation process leads to
various water absorption levels at different temperatures, leading to an apparent lower 7comp. Such
Ty approach from Tcomp 1s from water swelling dynamics rather than thermodynamics, which has
a different sensitivity to the polymer-substrate interaction and dynamic heterogeneity in the glassy
thin film.>” In other words, the thin highly mobile layer contributes less to the thermodynamic

properties of the thin film, but will significantly affect the dynamics of the whole glassy film.

Similar depression of Tcomp also occurs with another high-7, polymer, PM6, where Tcomp is 54
2 °C. This mismatch between Tcomp and T is similarly due to the relatively fast chain dynamics for
thin-film surfaces upon interaction with water. On the other hand, for low-7; CP samples (<40 'C

43, 38) like viscoelastic PFO-C10 and PDPP-TT, there is no converging trend at different

13



thicknesses. Their fast chain dynamics at ambient temperature result in a lack of enhanced surface

highly mobile layer which only exists in glassy films (Figure 2¢, 2d), as proved by other study.?*
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Figure 3 Comparison of relaxation behaviors between four polymers. (a) Stress relaxation
evolution for films at around 90 nm. (b) Activation energy as a function of film thickness for all

four polymers. (c) The temperature effect on relaxation time for thick films (above 90 nm).

Figure 3a plotted the stress relaxation of ~ 90 nm thick films to compare relaxation behaviors
for four polymers. As expected, the stress relaxation was faster in PFO-C10 and PDPP-TT than
PS due to their low T;. Although PM6 exhibited a higher backbone bone T (e.g. 138 °C) than PS,
stress relaxation for stained PM6 film happened faster than PS, which can be attributed to structural
heterogeneity, and low elastic modulus (Figure S4). Keep in mind that the PM6 not only has a
high 7, backbone, but also a significant amount (e.g. 36% by weight) of low 7} alkyl sidechains.
The sidechains with much fast-dynamic can accelerate the backbone dynamics verified by
simulation®® and experiment?>.

The PFO-C10 and PDPP-TT systems exhibited the most prominent chain relaxation in this study
due to their low 7 in both the backbone and sidechain (Figure 3a). They are also softer based on
the thin film tensile testing result (Figure S4). Compared to PM6 polymer, the long, flexible side

chains in PFO and PDPP-TT polymer further lowered the backbone 7;; and hastened the backbone
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dynamic, allowing polymer chains to slide past each other.'® ®© While PFO-C10 has a higher T
than PDPP-TT, the relaxation is also faster. This can be explained by the microstructure in the thin
film. As shown by grazing-incidence wide-angle X-ray scattering (GIWAXS) (Figure S5), PFO-
C10 is a relatively amorphous polymer after spin coating. In contrast, PDPP-TT shows multiple
higher-order lamellar stacking peaks, indicating its semicrystalline nature. The contribution from
tie chains connecting crystalline domains in PDPP-TT polymer here is responsible for slowing the
overall relaxation of amorphous chains compared to the PFO polymers. Overall, the relaxation
process interplay between Ty, degree of crystallinity, and elastic modulus of the polymers.

Two distinct types of thickness dependence are observed in these selected polymers. PS and
PMG6 display significant thickness-dependent activation energies (Ea), while E, values of the other
two low-T CPs were nearly thickness-independent when approaching room temperature (Figure
3b). This observation is expected, as the heterogeneity of chain dynamics near the interface is
larger for glassy films. The local relaxation time for polymer chains at the polymer/air interface
can be several orders of magnitude lower than those chains far away from the interface. PS shows
the highest E. (140 kJ/mol) for films above 100 nm, which is lower than the previous bulk values
from the literature (220 kJ/mol ¢!, 230 kJ/mol 2, and 350 kJ/mol 2®). Again, we attribute such
depression to the influence of the soft polymer-water interface. Even if the ambient water does not
fully penetrate the film, simulation results indicate that interfacial mobility dominates the overall
thin film relaxation rate?’. PFO-C10 has the lowest E, of the other polymers, which is attributed to
its near-amorphous morphology and a high fraction of low-7} sidechains (Table 1). The E. of PS
and PM6 decreases linearly as film thickness reduces below approximately 100 nm. This result is
in accordance with the well-documented confinement effect in polymer thin films.®> A lack of

physical barriers at the thin film interface can result in changes in dynamics due to the lower E,
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required for any polymer chain rearrangements. The E, of PM6 is comparable to the range of E.

of other CPs measured by DMA%,
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Figure 4 Stress relaxation of (a)PS and (b)PFO-C10 thin films measured by both film-on-water
(filled symbols) and free-standing mode (open symbols), respectively. Continuous and dashed

lines represent fitting curves for on-water and free-standing test results, respectively.

Stress relaxation tests were also performed on fully free-standing PS and PFO-C10 thin films to
remove the possible effect of water (Figure 4). The free-standing polymer samples were
transferred from the water surface to fully freely standing in the air by an established SMART
transfer method.** A similar technique has been used to transfer PS thin film by Crosby group.5>-
% 1t was observed that for both polymers, free-standing films relaxed faster than films floated on
the water at the same temperature. For example, for 84 nm PS films under 20 °C, the (t) showed
almost 9 orders of magnitude reduction in free-standing films when compared with film floating
on water (Figure 4a). This acceleration phenomenon results from extra polymer-air interfaces for

free-standing films. Those two highly mobile air polymer interfaces will greatly enhance the
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overall relaxation rate in the thin film. Such enhancement effect decreases as temperature increases
from 20 °C to 40 °C, which is expected since the chain mobility heterogeneity decreases as
temperature increases in glassy film. Thus, we do not expect similar relaxation enhancement will
happen in low-T7§ polymers like PFO-C10. As shown in Figure 4b, the free-standing film relaxes
faster than films floated on the water at the same temperature, but the temperature dependence on
relaxation kinetics is smaller (Figure S10). Overall, through the comparison of thin-film relaxation
behaviors in the air and on the water surface, the effect of the polymer-air interface is verified,
which will accelerate the relaxation rate in thin films. Meanwhile, such an enhancement in the thin

film relaxation is more pronounced in the high-7, system.

Conclusion

Here, we performed direct mechanical stress relaxation tests on both pseudo-free-standing and
free-standing polymer thin films with PS, PM6, PFO-C10, and PDPP-TT. A stretched exponential
equation was successfully applied to quantify the relaxation kinetics for tensile-drawn films. We
observed an apparent thickness-dependent relaxation rate, i.e., the average relaxation time of PS
film supported by water showed eight orders of magnitude reduction when thickness decreases
from 84 nm to 58 nm at 20 °C. It was also observed that the relaxation kinetics follows an
Arrhenius-type temperature dependence. A converging trend was shown in the Arrhenius plot for
thin films with different thicknesses, where the common temperature was lower than the bulk 7.
(40 °C lower for PS and 80 °C lower for PM6). Such relaxation enhancements were attributed to
the increased dynamics of thin films at the polymer-water interface from the liquid water substrate.
In other low-7, conjugated polymers, the thickness-dependent relaxation rate was also observed,

but they showed thickness-independent activation energy, indicating a less heterogenetic dynamics

17



nature in low Ty films. Furthermore, we compared the relaxation rate between these CPs, which
all relax faster than PS at the same condition, and we found that PFO-C10 has the fastest relaxation
rate due to its amorphous morphology compared with semicrystalline PDPP-TT despite PFO-C10
having a higher 75. We also conducted the thin film relaxation on free-standing mode on PS and
PFO-C10 as a comparison to films-on-water, and we found that the relaxation process is more

sensitive to two polymer-air interfaces in high 7Ty PS film than low 7, PFO-C10.

It can be clearly seen from this work that the thin-film relaxation rate is influenced by thickness,
temperature, and substrate. For CPs, the interplay of backbone 7§, volume fracture of low Ty
sidechains, modulus, and morphology-related crystallization all contribute to the stress relaxation
of thin films, and the deconvolution requires dedicated chemical structures and processing
methods. Due to the significant stress relaxation behavior for CPs, future work should consider
how to remediate such rapid stress change. For example, using crosslinked polymers, polymer
blends, or bilayer systems to inhibit the relaxation of CPs active layer and improve long-term

stability.
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