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The power conversion efficiency (PCE) of organic solar cells 
(OSCs) is now approaching commercial viability thanks to 
the development of non-fullerene-small molecule acceptors 

(NF-SMAs)1. Although the intrinsic morphological stability of OSC 
materials critically affects the lifetime and burn-in of devices2–5, the 
fundamental molecular interactions and property–function rela-
tions that govern morphological stability of these non-fullerene 
OSCs have yet to be revealed. A detrimental deviation from a 
device-optimized morphology can happen through two primary 
scenarios: (1) thermodynamic relaxation of the mixed domains in 
the blend from an initially quenched composition to the binodal6,7 
or (2) by nucleation, growth and coarsening of crystalline acceptor 
domains resulting in depletion of NF-SMA in surrounding regions 
with a composition limit determined by the liquidus8,9. While a 
certain amount of mixed amorphous phases (with a composition 
near the percolation threshold) is crucial for efficient charge sepa-
ration and extraction, a donor–acceptor miscibility that is too low 
(hypo-miscible) can lead to performance deteriorations due to 
over-purification of mixed domains over time6,10,11. A miscibility that 
is too high (hyper-miscible) leads to a low intrinsic performance 
of OSCs due to insufficient phase separation12–15. The relationship 
between miscibility and NF-SMA volume fraction is expressed 
through a phase diagram (Fig. 1a) that can be parameterized by the 
Flory–Huggins interaction parameter χ. In its generalized form, 
χ is described as the sum of enthalpic (χH) and entropic (χS) com-
ponents via χ = χS + χH, where χS = A and χH = B/T, with A and B 
being system-dependent constants and T being the absolute tem-
perature. While some polymer:NF-SMA combinations exhibit good 
heat-stress resistance or shelflife device stability3,16, record-holding 
Y6 and its derivatives do not lead to stable morphologies in binary 

blends17,18. The mechanisms behind these stability characteristics 
remain unexplained.

To establish and delineate quantitative property–function rela-
tions that can predict morphological stability, we evaluate the 
thermodynamic drivers (such as miscibility, χ(T)) and kinetic 
factors (including diffusion coefficients, activation energies) of 
hypo-miscible polymer:NF-SMA systems spanning a wide range of 
performance and stability. Hyper-miscible blends that are intrin-
sically low performing are not explored10,13. The NF-SMAs (Y6, 
EH-IDTBR, di-PDI, IT-M, IEICO-4F) and donor polymers (P3HT, 
FTAZ, PTB7-Th, PBDB-T, PBDB-T2F also known as PM6) included 
here are extensively used in state-of-the-art OSCs, yet also span a 
reasonable range of structural and chemical motifs (see Methods 
for full materials names). To understand morphological stability, 
we determine the miscibility gap (ϕB, binodal composition) and 
reveal that the most stable systems are the most hypo-miscible 
ones. This contradicts previous models, as these hypo-miscible sys-
tems should be highly unstable6,7,19. Since morphological stability is 
predicated on limited molecular rearrangements, we determine the 
temperature-dependent diffusion coefficients D(T) of the SMAs 
and observe thermally activated Arrhenius diffusion. Large differ-
ences in diffusion coefficients at 85 °C (D85) of around 11 orders 
of magnitude across different polymer:NF-SMA combinations 
are observed, which increases to roughly 12 orders of magnitude 
if the historic fullerene acceptor reference system P3HT:PCBM is 
considered20. We discover that the activation energy Ea of diffu-
sion scales with the net material exchange enthalpy χH. Additional 
property–function relationships are identified by using easily mea-
surable parameters that are proxies for molecular self-interactions, 
including the elastic modulus (EF) of the donor polymers and the 
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glass transition temperature (Tg) of the NF-SMAs. The χH scales 
linearly with Tg of the NF-SMA and EF of the polymer, whereas 
the diffusion coefficients decrease exponentially with increasing Tg 
and EF. This insight provides a framework that connects thermo-
dynamics and kinetics, and allows new materials to be prescreened 
for stability using simple thermal and mechanical measurements. 
Molecular dynamics simulations that predict Tg and EF open up 
an additional avenue for evaluating the stability of new materials 
before their synthesis.

Device fabrication and shelflife
The chemical structures of the donor polymers and NF-SMAs used 
are shown in Fig. 1b. The PCE versus time (shelflife) of 11 OSCs based 
on these materials is provided in Fig. 1c. Details of these results and 
processing conditions are documented in the Methods section and 
Supplementary Information, and summarized in Supplementary 
Tables 1 and 2. Overall, the performance confirms the wide range 
of intrinsic shelflife observations made previously2,4,21. In addition, 

performance and shelflife are provided as a function of annealing 
temperature for select systems (Supplementary Figs. 1 and 2) to fur-
ther illustrate the morphological instability of these devices. Using 
the device stability data as a guide and motivation, we can now 
study and relate thermodynamic, diffusion, thermal and mechani-
cal properties and establish morphological stability correlations.

Miscibility gap and its relation to stability
To relate thermodynamic and diffusion properties, we use sec-
ondary ion mass spectrometry (SIMS) interdiffusion experi-
ments on polymer:NF-SMA bilayers,10,13,20,22 with Fig. 2a 
displaying di-PDI diffusion profiles into a PTB7-Th polymer film 
as an illustrative example. More than 80 diffusion concentration 
profiles C(x,t) obtained at different temperatures are fitted using 
concentration-independent and -dependent one-dimensional (1D) 
solutions of Fick’s second law. From such traces and fits, we first 
deduce the miscibility gap ϕB(T) (Supplementary Information, 
Supplementary Figs. 3–8 and Supplementary Table 4)7. Examples of 
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Fig. 1 | Phase diagram, chemical structure, schematic of the device structure and degradation of polymer:NF-SMA devices. a, χ – ϕB phase diagram with 
the binodal separating the one- and two-phase regions. For most material combinations, the ideal composition of the amorphous, mixed domains in the 
devices is near the percolation threshold. Only hypo-miscible blends can reach that threshold and have a multiphasic bulk hetero-junction morphology. 
The points P, Q, M and S represent the percolation threshold composition of the SMA in the mixed domains at equilibrium (P), quenched mixed phase 
with a percolation threshold composition (Q), equilibrium mixed phase (M) and nearly pure SMA phase (S). b, Chemical structures of the polymers and 
the NF-SMAs used in this study including the molecular weight (Mw) of the NF-SMAs, and number-averaged molecular mass (Mn) of the polymers and 
polydispersity (Đ). c, Normalized PCE versus time of polymer:NF-SMA devices to assess shelflife of the devices stored in the dark at room temperature in a 
nitrogen-filled glovebox. The PCE is normalized by the highest measured efficiency. Inset, schematic of the inverted device structure.

Nature Materials | www.nature.com/naturematerials

http://www.nature.com/naturematerials


ArticlesNATuRe MATeRiAlS

these results are presented in Fig. 2b for χ(RT) and compared against 
the percolation threshold of the NF-SMA in the polymer indicated 
by the green band of roughly 20–30% v/v (refs. 23–25). This compo-
sition range is typically the lowest acceptable concentration in the 
mixed domains for good performance. Specifically, PBDB-T:IT-M, 
PTB7-Th:IT-M and PTB7-Th:IEICO-4F have extremely low ϕB(T) 
of approximately 1–3% v/v, yet, some of these hypo-miscible sys-
tems are among the highest efficiency OSCs26. PBDB-T2F:Y6 sys-
tem with over 15% reported PCE17 is also a hypo-miscible system. 
The hypo-miscibility indicates that these systems have to be kineti-
cally quenched to a non-equilibrium mixed domain composition23. 
If kinetically possible, diffusion-enabled demixing of the morphol-

ogy would lead to over-purification and severe burn-in. To our sur-
prise, the most hypo-miscible systems, namely PBDB-T:IT-M and 
PTB7-Th:IEICO-4F, show excellent shelflife that is superior to that 
of the less hypo-miscible systems including PBDB-T2F:Y6.

Extracting diffusion properties and interaction parameter
To delineate why some of the most thermodynamically unstable 
devices can still exhibit strong morphological stability, we extract 
the diffusion properties of these systems from portions of the SIMS 
profiles as delineated in the Supplementary Information. Large vari-
ations in D(T) are observed (Fig. 2c) revealing thermally activated 
(Arrhenius) diffusion with
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Fig. 2 | SIMS profiles, phase diagram, diffusion properties and activation energy of polymer:NF-SMA. a, Fits using 1D solution of Fick’s second law (red 
lines) for PTB7-Th:di-PDI at temperatures as indicated. The complete set of SIMS profiles for all temperatures and times and their fits to Fick’s law for the 
concentration of the SMA in the polymer layer can be found in the Supplementary Information. b, χ – ϕB phase diagram with χ(RT) exemplifying the results. 
The region delineated by the binodal and the percolation threshold corresponds to over-purified mixed domains. Due to hypo-miscibility of all the systems, 
some of the symbols overlap when plotting on the binodal curve. c, Temperature-dependent diffusion coefficient D(T) of different polymer:NF-SMA 
systems fitted by an Arrhenius relation. The time and temperature combinations that can be assessed with SIMS are limited by the finite thickness 
imposed by the SIMS measurement and the time before the NF-SMA reaches equilibrium throughout the film. To provide additional context, our SIMS 
data was supplemented with literature data for P3HT:PC61BM (ref. 20). The horizontal dashed box delineates the diffusion coefficient for an acceptor 
molecule to diffuse 20 nm on a time scale of 1 to 10 years. d, Ea versus χHT correlation analysis. The correlation observed indicates that Ea also scales with 
χH at any given T. The error bars on Ea and χH values are extracted from fit parameters and the error on each value.
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DðTÞ ¼ D0exp � Ea
kT

� �
ð1Þ

where Ea is the diffusion enthalpy/activation energy and D0 is the 
intrinsic diffusion coefficient at infinite temperature or zero Ea. 
Fitting to this relation yields Ea for the diffusion of NF-SMAs into 
the polymer hosts and allows for estimation of D(T) at lower device 
operating temperatures by extrapolation (Supplementary Table 
5). The activation energies range from 13 to 54.9 kcal mol−1 (0.56 
to 2.38 eV) and are significantly larger than thermal energy (kT 
around 26 meV). PC61BM in P3HT has the highest diffusion coef-
ficient and the lowest Ea among all polymer:SMA systems compared 
here. In contrast, IT-M in PBDB-T has a very low diffusion coeffi-
cient and the highest activation energy. At 85 °C, these two extreme 
systems have extrapolated diffusion coefficients of 2.0 × 10−10 and 
2.7 × 10−22 cm2 s−1, respectively, a difference of 12 orders of magni-
tude. A trend emerges in which some of the most stable systems 
have the highest Ea.

To reveal the underlying relation behind diffusion and ther-
modynamic properties, we extract χS and χH (see Supplementary 
Information for details on system selection constraints and χ(T) 
extraction) and discover that Ea and χHT are correlated (Fig. 2d). 
The observed Ea − χH correlation indicates that Ea also scales with 
χH at any given T and that the diffusion activation has an under-
lying thermodynamic contribution or cause. To establish relations 
underlying the material properties, we note that χH is proportional 
to εpp − 2εps + εss (where the ε are the pair-wise enthalpic energies 
between two constituent polymer segments (p) and/or small mol-
ecules (s) on a lattice)27,28 and we endeavour to test the impact of the 
self-interaction energies εpp and εss on Ea and D. To assist in deter-
mining the role of the self-interaction energies, we evaluate material 
properties that can be readily determined experimentally and can be 
related to the cohesive energy density (CED), which is proportional 
to ε (refs. 29,30). Specifically, we are inspired that the elastic modulus 
has been observed to scale linearly with CED in glassy polymers31 
and small molecules32, and Tg scales linearly with CED/n, where n is 
the number of molecular oscillators of the polymer30.

Thermal transitions of NF-SMAs and stiffness and 
relaxation of donor polymers
We elucidate the molecular self-interactions of the NF-SMAs by 
characterizing their thermal properties with differential scan-
ning calorimetry (DSC) (Fig. 3a). For the NF-SMAs considered, 
di-PDI is the only material that exhibits a directly measurable Tg of 
137 °C. All other NF-SMAs exhibit exothermal cold crystallization. 
For the mobility of the SMAs to allow crystallization on heating 
indicates that cold crystallization temperature (Tc) will be similar 
to the respective Tg, and the cold crystallization signal probably 
obscures the Tg signature. Y6 has the lowest Tc (roughly 105 °C), fol-
lowed by EH-IDTBR, IT-M and IEICO-4F with Tc at roughly 113, 
179 and 196 °C, respectively. We will use Tc as a proxy for Tg of the 
NF-SMA. The transition temperature of Y6 was confirmed using an 
ultraviolet-visible spectroscopy technique that yields 102 °C for Y6 
and 116 °C for EH-IDTBR (Supplementary Fig. 9)33.

Except for P3HT, the donor polymers do not show a clear Tg, 
neither do they exhibit a melting transition associated with crystal-
linity as measured by DSC. These results are in line with dynamic 
mechanical analysis (DMA) results (Supplementary Fig. 10). The 
DMA reveals thermal relaxations between −30 and −10 °C that 
are indicative of viscoelasticity at room temperature, yet cannot be 
clearly attributed to a Tg (refs. 34,35). To distinguish the polymers’ 
viscoelasticity we consider their relaxation behaviour36–38. The 
stress relaxation behaviour was characterized by a relaxation time 
(τr) extracted from fitting a Kohlrausch–Williams–Watts (KWW) 
model (Fig. 3b and Supplementary Figs. 11 and 12). While caution 

should be taken in the physical interpretation of τr (ref. 39), it accu-
rately captures the observed behaviour that P3HT relaxes the quick-
est, followed by FTAZ, PTB7-Th, PBDB-T2F and PBDB-T.

Since the molecular self-interactions of the polymers could not 
be probed with DSC and since DMA measurements show com-
plex thermal behaviour, we investigate the elastic modulus (EF) 
as a proxy for self-interactions31,32,40 using a wrinkling metrology 
approach (Supplementary Fig. 13)41. EF of a polymer does depend 
on molecular weight but typically plateaus above the entanglement 
molecular weight35,42. PBDB-T2F and PBDB-T films exhibited the 
highest stiffness with EF of 0.84 ± 0.10 GPa, followed by PTB7-Th 
and FTAZ with EF of 0.55 ± 0.05 and 0.37 ± 0.08 GPa, respectively. EF 
of P3HT of similar molecular weight has been shown to be approxi-
mately 0.20 ± 0.02 GPa, whereas EF of regio-random (amorphous) 
P3HT is reported to be 0.013 GPa (ref. 43). The elastic modulus of 
the films is summarized in the inset of Fig. 3b.

Correlation analysis
Correlation analysis reveals that the Tg of a NF-SMA has a strong 
and quantifiable impact on χHT as shown in Fig. 4a for the three 
polymers (P3HT, PTB7-Th and PBDB-T) and by extension to Ea. 
Similarly, the elastic modulus EF of the polymers also has an effect on 
χH and Ea for a given NF-SMA (Fig. 4c). Considering that NF-SMA 
diffusion takes place in the polymer amorphous phase only, we use 
the tensile modulus of amorphous regio-random P3HT (13 MPa) 
to present the relations between χH (ref. 44) and EF. Furthermore, the 
impact of Tg and EF on the diffusion coefficient can be observed 
when considering diffusion at 85 °C (a temperature specified in 
industrial stability standard ASTM E1171, ref. 45) as an example (Fig. 
4b,d). A strong dependence of D85 on the constituent materials sepa-
rates into groups that relate to each other. Along the Tg dimension, 
an exponential decrease of D85(Tg) is observed for binaries related 
to a given polymer. Similarly, an exponential decrease of D85(EF) is 
observed for binaries related to a given NF-SMA. These correlations 
and fitted functions are summarized in Supplementary Table 9.

When considering the above correlations, a coherent framework 
emerges that interrelates morphological stability, activation ener-
gies, interaction parameter, diffusion properties and mechanical or 
thermal properties, which in turn are governed by intermolecular 
interactions (Table 1). The conceptual relations of the various equi-
librium and dynamic parameters correlated above and their under-
lying homo- or hetero- molecular interactions are summarized in 
Table 2.

Fundamentally, the underlying thermodynamic (χ), kinetic (D), 
thermal (Tg) and mechanical (EF and τr) properties and phenomena 
are critically affected by intermolecular interactions. When analys-
ing the relations captured in Fig. 4a,c, not only is there a strong cor-
relation of χH with polymer and NF-SMA material properties, but 
also, each correlation clearly shows differentiation on the basis of 
the NF-SMA or polymer type, respectively. This indicates that the 
various ΔS and ΔH parameters in Table 2 have a connection and 
common contribution, although conceptually they are not necessar-
ily the same. To advance an interpretation, we consider a first-order 
model and draw on a relation observed in a range of commodity 
polymers where Tg has been shown to be linearly related to CED/n 
(refs. 29,30). Given that χH is a linear function of εss and thus CEDss, 
the observed linear relations between χH and Tg indicate that Tg of 
the NF-SMA is a good proxy for εss and that the number of molecu-
lar oscillators in the NF-SMAs investigated are effectively the same. 
Since many of the conjugated polymers do not show a clear Tg, 
using the approach used for the NF-SMA cannot be extended to the 
polymers considered. Instead, we find a linear relationship between 
χH and EF (Fig. 4c) indicating that EF of the polymer is a reason-
able proxy for εpp and CEDpp consistent with previoius observations 
that EF scales with CED in small molecules32 and glassy polymers31. 
Within this model in which εss and εpp are linear functions of Tg of 
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the NF-SMA and EF of the polymer, respectively, we find consis-
tency across the proxy parameters. For example, the observed offset 
by polymer type in the χH–Tg correlations (Fig. 4a) indicates that 
εpp increases from P3HT to FTAZ, PTB7-Th and PBDB-T, which is 
supported by the εpp proxy of EF. When considering the dependence 
of diffusion on thermo-mechanical properties, a decreasing expo-
nential correlation between of D85 and NF-SMA Tg and polymer EF 
is observed, respectively. This is to be expected, as we simply see 
the contribution that the self-interaction (εss or εpp) makes to χH and 
thus Ea and D. While the elastic modulus of polymers is dependent 
on a number of factors, particularly above its Tg, the CED is a clear 
contributing factor as highlighted by the correlation of elastic mod-
ulus with χH. Furthermore, as the self-interaction εpp decreases the 
segmental mobility of the chains should increase, which is reflected 
in an increase in stress relaxation (assuming similar molecular 
weight and free volume)37,46. The inferred comparative relation in 
εpp (P3HT < PTB7-Th < PBDB-T) is the same as the trend inferred 
from the activation energy analysis. Although we currently cannot 
infer the functional form of the relation to the polymer properties, 
the monotonic relations of D and τr to molecular interactions are 
clear and indicate that εpp and εss make significant, if not dominant, 
contributions to the diffusion and mechanical properties and the 
activation energy. Overall, we can conclude that Tg of the NF-SMA 
and EF of the polymer are parameters that are controlled by the 
molecular self-interactions, which contribute to χH and thus to Ea 
and D.

The deeper conceptual relations of the diffusion properties (D 
and Ea) to χH, and in turn to polymer EF and NF-SMA Tg, now 
become clear. Diffusion is governed by equation (1) as shown in 
Table 2. Our results strongly indicate that ΔHd, which is equal to 
Ea,47 is scaling with χH. The very fact that there is an activation 
energy suggests that diffusion is not dominated by existing free vol-
ume (voids) in the materials. Rather, an additional void the size of 
the SMA needs to be created to allow the SMA to move. The energy 
associated with this thermally activated volume, in a pure polymer 

or SMA phase, scales with the CED of these materials and the size 
of the free volume and thus εpp and εss. It is particularly interesting 
to note that the activation of diffusion is a non-equilibrium process, 
yet, we can relate this activation to an equilibrium concept such as 
the χ parameter, εpp, εss and εps and related proxy parameters that can 
be relatively easily measured.

The scaling relation of diffusion properties to the molecular 
self-interactions observed through Tg opens up a simple route to 
provide synthetic guidance through simulations. We demon-
strate this possibility here by using molecular dynamics simula-
tions to assess the Tg of EH-IDTBR, di-PDI, IT-M and IEICO-4F, 
for which values of 115, 134, 182 and 194 °C have been calculated, 
respectively; these values all track closely the experimental values 
observed (details for molecular dynamics simulations can be found 
in Methods and Supplementary Information).

Regarding the relation of the physical parameters measured to 
molecular structure, the current scaling relations in Fig. 4a,b to Tg 
indicate that the molecular weight of the NF-SMA used and their 
molecular shape are similar enough to not be a dominating fac-
tor. This is an aspect that needs to be put into context. It is known 
that diffusion depends on molecular size and possibly shape48. 
Furthermore, the minimum size of an activated volume element 
that needs to be created has to be related to the size of the SMA. 
Although the details of the dependence of diffusion and stability on 
size, shape, degree of polymerization and possibly other character-
istics of the chemical structure need to be researched further, our 
study suggests that increasing the size of the NF-SMA would yield 
improvements in stability.

Last, an important consideration is whether the diffusion coef-
ficients measured here are relevant during casting or instabilities 
caused by purification or crystallization. The phase separation 
within the spinodal is governed by Cahn–Hillard theory. If the gra-
dient energy term in Cahn–Hillard related to the interface tension 
is ignored, one can show that the generalized molecular mobility 
during demixing is proportional to D. Similarly, if crystallization 
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Fig. 3 | Thermal and mechanical properties of neat polymers and neat NF-SMAs. a, DSC thermograms of neat polymers and NF-SMAs collected from 
first heat with 10 and 3 °C min−1, respectively. A higher heating rate (10 °C min−1) was used for polymers to increase the sensitivity of DSC signal. The 
traces are shifted vertically for better comparison and multiplied by two for di-PDI and by ten for Y6, to magnify transitions’ features. The small melting 
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causes device instability, the nucleation and growth factors of crys-
tallization are both proportional to D. The diffusion coefficients 
measured and the observed differences are thus relevant to demix-
ing, purification and crystallization; in short, these are relevant 
to devices and their fabrication and stability (see Supplementary 
Information for more details).

Outlook
One of the principal revelations is that Ea scales with χH, and that χH is 
correlated with relatively easily measurable mechanical and thermal 
properties of the constituent materials that reflect self-interactions. 
Specifically, χHT and D scale linearly and exponentially, respectively, 
with the Tg of the NF-SMA within a given series of polymers, and 
χHT and D scale linearly and exponentially, respectively, with EF of 
the polymer within a given series of NF-SMAs. Previously, it was 
inferred that an optimum miscibility or χ has to be used to prevent 

device degradation4,6. Our results reveal that highly hypo-miscible 
systems with large mixing enthalpy (high χH) have high activation 
energy and low diffusion coefficient and thus provide an alterna-
tive—and indeed preferred—strategy to achieve long-term stabil-
ity of OSCs by suppressing both demixing and crystallization. Yet, 
this approach may result in systems that have diminished mechani-
cal resilience and a reduced processing window due to the need to 
quench the system into the optimal morphology.

Establishing firm relationships between diffusion, intermo-
lecular interactions and chemical structure is expected to provide 
a rational design of materials for stability. Although more studies 
are necessary to reveal additional details, our results open up a new 
avenue of experimental approaches and computational simulations. 
Simple DSC, mechanical measurements and molecular dynamics 
simulations can be used to screen for molecular interaction and dif-
fusion properties. We envision that a combination of measurements 
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and molecular dynamics simulations will be useful to assess the ulti-
mate fate of systems that show promising stability over the course of 
several months and to design superior new materials.
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kB, Boltzmann constant; ϕ, volume fraction of different components in a blend where subscripts p 
and s correspond to polymer and SMA, respectively; ΔH, enthalpy change where subscripts m, d 
and r correspond to that due to mixing, diffusion and relaxation, respectively; ΔS, entropy change 
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Methods
Materials. FTAZ and HTAZ was provided by the You group with number 
average molecular mass Mn ≅ 86 kg mol−1, polydispersity Đ ≈ 1.9 and 
Mn = 81.7 kg mol−1, Đ ≈ 3, respectively, which was synthesized according to 
the previous literature50. P3HT was provided by the McCulloch group with 
Mn ≅ 34 kg mol−1 and Đ ≅ 1.9. PTB7-Th was purchased from Solarmer with 
Mn ≅ 69 kg mol−1 and Đ ≅ 2.1. PBDB-T was purchased from Solarmer with 
Mn ≅ 31 kg mol−1 and Đ ≅ 2. PBDB-T2F was purchased from 1-Material with 
Mn ≅ 41 kg mol−1 and Đ ≈ 2.0. Y6, EH-IDTBR, IT-M, di-PDI and IEICO-4F were 
purchased from 1-Material. ITIC-4Cl was provided by the Yan He group. All 
the solvents and other materials were purchased from Sigma-Aldrich and used 
without further purification.

Devices. The polymer:NF-SMA devices were fabricated, after extensive 
optimization, with an inverted structure of indium tin oxide (ITO)/ZnO/
polymer–SMA/MoO3/Al. Prepatterned ITO-coated glass with a sheet resistance 
of around 15 Ω per square was used as the substrate. ITO substrates were cleaned 
by sequential sonication in soapy deionized water, deionized water, acetone and 
isopropanol for 15 min at each step. A zinc oxide (ZnO) electron transport layer 
was prepared by spin coating at 4,000 r.p.m. from a ZnO nanoparticle solution after 
an ultraviolet-ozone (UV-O3) treatment for 20 min. The ZnO coated substrates 
were annealed at 150 °C for 30 min. The polymer:NF-SMA active layers were 
spin coated from at least 3 h stirred solutions in a nitrogen-filled glovebox to 
obtain thicknesses of roughly 100 nm. Ink formulations of solutions used for 
casting of the active layers are summarized in Supplementary Tables 1 and 2. The 
post-annealing of polymer:NF-SMA films was performed in a nitrogen-filled 
glovebox at an elevated temperature for 10 min. The films then were transferred 
to a vacuum thermal evaporator. A thin layer (10 nm) of MoO3 was deposited 
as the anode interlayer under vacuum followed by 80–100 nm of Al as the top 
electrode. Evaporation shadow masks were used to fabricate rectangular devices 
with 1.38 × 5.0 mm2 dimensions. For device characterizations, J–V characteristics 
were measured under AM1.5G light (100 mW cm−2) using a Class AAA Newport 
solar simulator. The light intensity was calibrated using a standard Si diode (with 
KG5 filter, purchased from PV Measurement) to bring spectral mismatch to unity. 
A forward scanning from −1 V to +1.2 V with a voltage step of 0.02 V and a scan 
speed of 50 mV s−1 was used. The dwell time is around 0.4 s. All J–V characteristics 
were recorded in a nitrogen-filled glovebox with the environmental temperature 
maintained at roughly 25 °C. The shelflife measurements were performed on 
the devices stored under the dark condition in a nitrogen-filled glovebox. J–V 
characteristics were recorded using a Keithley 236 source meter unit. Typical cells 
have a device area of 6.90 mm2, which is defined by a metal mask with an aperture 
aligned with the device area. The devices area was measured using a calibrated 
Nikon visible light microscope.

DSC measurements. Neat materials used for DSC tests are dissolved in 
chlorobenzene (CB) at the same temperatures used for device processing with 
15 mg ml−1 total concentration. The overnight dissolved solutions were drop-cast 
on precleaned glass slides that were subsequently annealed at 80 °C for 20 min 
to remove the residual solvents remained in the sample. The dried films were 
transferred to the aluminium pans and sealed before DSC measurements. To 
increase the temperature resolution in DSC measurements, a heating rate of 
3 °C min−1 was used for neat NF-SMA. Other DSC thermograms are collected with 
10 °C min−1 unless otherwise mentioned.

DMA measurements. The sample preparation of DMA has been discussed in 
more detail in the literature37. The solution of the neat polymer (in chloroform) 
was drop-cast, in an N2 filled glovebox, on a glass fibre mesh cut at 45°. This 
ensures that the applied load under the tension mode acts on the polymer trapped 
in the voids instead of the fibres themselves. The samples were preheated up to 
80 °C to remove the residual solvents trapped in the films. The temperature sweep 
scans were performed at the oscillating strain of 0.1% at the frequency of 1 Hz and 
the temperature ramp of 3 °C min−1. The stress relaxation data was collected, at 
each temperature, from a step-strain experiment under 1% tensile strain for 10 min 
followed by a 15 min recovery.

Instruments. DSC measurements of the materials was done by TA Discovery DSC 
using Tzero pans. The SIMS characterizations were carried out in a time-of-flight 
(TOF) SIMS (ION–TOF V) at North Carolina State University (NCSU). TOF–
SIMS experiments were performed using an ION–TOF–SIMS V instrument 
equipped with a bismuth liquid metal ion gun, Cs+ sputtering gun and an electron 
flood gun for charge compensation. Dual-beam dynamic SIMS mode was used 
to provide high depth resolution and chemical resolution simultaneously, where 
Bi3

+ was used as the primary ion and Cs+ was used as the sputtering source. The 
sputtering ions with an energy of 10 keV for thick polymer films and 3 keV for 
thin polymer films were used to sputter the organic interfaces. Both bismuth and 
caesium ion columns are orientated at 45° with respect to sample surface normal. 
The analysis chamber pressure is maintained below 5.0 × 10−9 mbar to avoid 
contamination of the surfaces to be analysed. DMA tests were performed on DMA 
850 (TA Instruments) under an N2 environment.

Miscibility and χ determination. To convert the weight to volume fraction we 
assumed donor polymers and NF-SMA have the same density of 1.15 g cm−3. 
By monitoring the F−, Cl− or CN− ions or molecular fragment that selectively 
traces NF-SMA, we can accurately obtain the volume fraction of NF-SMA in the 
polymer-rich layer. The equilibrium compositions extracted from SIMS profiles 
can be converted to χ by using a generalized Flory–Huggins framework to simulate 
and parameterize the phase behaviour51.

Molecular dynamics simulations. Molecular dynamics simulations were performed 
with the GROMACS 2019 software suite52. Non-bonded parameters for the SMA 
were obtained from the OPLS-AA force field53. Parameters for bonds and angles 
were also drawn for the OPLS-AA force field, with the exception of the partial 
charges (CM5) and inter-moiety dihedral potentials, which were determined by 
density functional theory calculations at the ωB97XD/6-311G(d,p) level and the 
automatic fitting option; Gaussian 16 was used for the density functional theory 
calculations, and the ω parameter was optimally tuned for each molecule54. Systems 
for the molecular dynamics evaluations were prepared following previously reported 
methods55; the NPT (constant number of particles N, constant pressure P, and 
constant temperature T) compression steps used a temperature coupling constant of 
0.1 ps and a velocity rescaling thermostat, and a pressure coupling constant of 2 ps 
with the Berendsen barostat. Hydrogen-containing bonds were constrained using 
the linear constraint solver to their equilibrium values. Equilibrium was achieved 
after 2 ns in the NVT (constant number of particles N, constant volume V, and 
constant temperature T) ensemble and a further 2 ns in the NPT ensemble, both 
at 298 K. The systems were then annealed to 550 K, allowed to run at equilibrium 
for 10 ns and then cooled to 298 K. After this second compression, the amorphous 
systems were allowed to run at equilibrium for another 10 ns. Confirmation 
that equilibrium was achieved at each stage was monitored through the density 
and potential of each system. Equilibration and production NPT steps used the 
Parrinello–Rahman barostat and the Nose–Hoover thermostat. These equilibrated 
systems were then used to evaluate the thermal transitions by evaluating the density 
versus temperature and heat capacity versus temperature.

Materials used. The full names of the materials used in this paper were as follows:
P3HT: poly(3-hexylthiophene-2,5-diyl)
FTAZ: poly[4-(5-(4,8-bis(3-butylnonyl)benzo[1,2-b:4,5-b']dithiophen-2-yl)

thiophen-2-yl)-2-(2-butyloctyl)-5,6-difluoro-7-(thiophen-2-yl)-2H-benzo[d]
[1,2,3]triazole]

HTAZ: poly[4-(5-(4,8-bis(3-butylnonyl)benzo[1,2-b:4,5-b']dithiophen-2-yl)
thiophen-2-yl)-2-(2-butyloctyl)-7-(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole]

PBDB-T: poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5-b']
dithiophene))-alt-(5,5-(1',3'-di-2-thienyl-5',7'-bis(2-ethylhexyl)benzo[1',2'-c:4',5'-c']
dithiophene-4,8-dione)]

PTB7-Th: poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b']
dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]
thiophene-)-2-carboxylate-2-6-diyl)]

PBDB-T-2F: poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo]
[1,2-b:4,5-b'] dithiophene))-alt-(5,5-(1',3'-di-2-thienyl-5',7'-bis(2-ethylhexyl)
benzo[1',2'-c:4',5'-c']dithiophene-4,8-dione)

Y6: 2,2'-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-
12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2",3":4',5']thieno[2',3':4,5]
pyrrolo[3,2-g]thieno[2',3':4,5]thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))
bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimalononitrile

EH-IDTBR: (Z)-5-{[5-(15-{5-[(Z)-(3-ethyl-4-oxo-2-thioxo-1,3-thiazolidin-
5-ylidene)methyl]-8-thia-7.9-diazabicyclo[4.3.0]nona-1(9),2,4,6-tetraen-2-yl}-
9,9,18,18-tetrakis(2-ethylhexyl)-5.14-dithiapentacyclo[10.6.0.03,10.04,8.013,17]
octadeca-1(12),2,4(8),6,10,13(17),15-heptaen-6-yl)-8-thia-7.9-diazabicyclo[4.3.0]
nona-1(9),2,4,6-tetraen-2-yl]methylidene}-3-ethyl-2-thioxo-1,3-thiazolidin-4-one

di-PDI: 2,2′,9,9′-tetrakis(1-pentylhexyl)-[5,5′-bianthra[2,1,9-def:6,5,10-d′e′f′]
diisoquinoline]-1,1′,3,3′,8,8′,10,10′(2H,2′H,9H,9′H)-octone

IT-M: 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-
6/7-methyl)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-di
thieno[2,3-d:2',3'-d']-s-indaceno[1,2-b:5,6-b']dithiophene

IEICO-4F: 2,2'-((2Z,2'Z)-(((4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-sin
daceno[1,2-b:5,6-b']dithiophene-2,7-diyl)bis(4-((2-ethylhexyl)oxy)thiophene-
5,2-diyl))bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-
2,1-diylidene))dimalononitrile

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data represented in Fig. 3a,b are provided with the paper as source data. Other 
datasets generated and/or analysed during the current study are available from the 
corresponding authors upon request.

Code availability
The code used for the simulation of the Flory–Huggins phase diagram is available 
from the corresponding author upon request.
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