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Significance of Thermodynamic Interaction Parameter in Guiding 

the Optimization of Polymer:Nonfullerene Solar Cells

Mengyuan Gaoa, Ziqi Lianga, Yanhou Genga, and Long Ye*a,b

Polymer solar cells (PSCs) based on polymer donors and nonfullerene small molecule acceptors are a very attractive 

technology for solar energy conversion, and their performance are heavily determined by film morphology. It is of 

considerable interest to reveal instructive morphology-performance relationships of these blends. This Feature Article 

discusses our recent advances in analysing the morphology formation of nonfullerene PSCs with an effective polymer 

thermodynamic quantity, i. e., Flory-Huggins interaction parameter 1. In particular, guidelines of high and low 1 systems 

are summarized. The fundamental understanding of 1 and its correlations to film morphology and photovoltaic device 

parameters is of utmost relevance for providing essential materials design criteria, establishing suitable morphology 

processing guidelines, and thus advancing the practical applications of PSCs based on nonfullerene acceptors.

1. Introduction

Polymer solar cells (PSCs), as a photovoltaic technology with 

significant potential in modern buildings, greenhouses, indoor and 

space applications1-5, have become a research hotspot in the fields 

of chemistry and material science during the recent years6, 7. As the 

core layer for sunlight to electricity conversion, the active layer of a 

PSC is generally composed of bulk-heterojunction blends of 

polymer donors and (polymer or small molecule) acceptors. The 

continuous improvement of device performance of PSCs is driven 

by the rapid development of novel donor and acceptor materials. In 

addition to the molecular structures of photovoltaic materials, film 

morphology is an important factor that cannot be ignored8-12. The 

final morphology of a PSC film is the result of combined influences 

of mixing thermodynamics and kinetics during the film solidification 

process10.

Of the continually increasing number (>1000) of nonfullerene 

small molecule acceptors (NFAs), each could be paired with 

thousands of donor polymers being extensively developed in the 

past decade. Yet, power conversion efficiencies (PCEs) over 18% are 

only achievable for very few pairs of materials with finely-tailored 

properties through extensive explorations13, 14. To quickly identify 

promising donor:acceptor combinations and best processing 

protocols is still an exhausting process15-17. The approach heavily 

relies on tedious trial-and-error procedures and labour-intensive 

efforts which are certainly unsustainable. As a good starting point 

of rational optimization, miscibility is a very important concept 

widely used for describing the morphology of polymer:fullerene 

systems, for instance, polythiophene:fullerene systems by various 

groups18-23, and low bandgap donor-acceptor copolymer:fullerene 

blends mostly by the Ade group24-28 and Chen et al.29. Despite the 

miscibility characterizations of polymer:fullerene blends have been 

well summarized by several perspectives30-32, the recent progress 

on mixing thermodynamics of PSC blends based on NFAs has not 

been overviewed. With the development of new NFAs, relating 

mixing thermodynamics to morphology and device performance 

has received increasing attention in recent years. Thus, a thorough 

survey of the thermodynamic studies of PSCs based on NFAs will be 

particularly useful to the researchers in this field.

In this Feature Article, we mainly focus on recent efforts in 

applying Flory-Huggins interaction parameter 1 to understand the 

photovoltaic performance and morphology stability of PSCs, 

concentrating on polymer:small molecule blend systems (see Figure 

1). The aim of this article is not to provide a comprehensive review, 

but a concise overview of the research on interaction parameters of 

nonfullerene organic photovoltaic blends actively developed in the 

past five years. The article is divided into five sections. We will start 

with an introductory overview of interaction parameter 1 as 

described by the Flory-Huggins theory of polymer blends and the 

common experimental methods used for determining 1 (section 2), 

followed by the relation between 1 and morphology derived from 

scattering principle and lever rule (section 3). Subsequently, we will 

describe how 1 can help understand photovoltaic performance and 

morphology stability of nonfullerene PSCs by using a variety of 

representative examples to date. In section 4 and section 5, 

applications of 1 in binary and ternary blend systems based on 

conjugated polymers and NFAs will be respectively discussed. The 

interaction parameter between photoactive material and 

processing solvent and its implications in device processing is 

discussed in section 6. Finally, we conclude by highlighting the 

remaining
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Another easily accessible method is contact angle 

measurement42, 55, 56. It can derive the 1 parameters of the weakly 

crystalline or amorphous blend systems, in which melting peaks are 

absent in the DSC thermograms. The 1 parameter could be 

calculated from the surface energy (;) by an empirical equation 

(Equation 5).

 (Equation 5)� =  ( !"#�$�%&� !��'�� �#�%�(�%)
2

Where ; is converted by contact angle data and K is a positive 

constant. Using the contact angle measurement to analyse the 

miscibility of blend systems has been favoured by many PSC 

researchers and has been widely used in the miscibility analysis of 

PSC blends. In a previous study57, Li et al. demonstrated the impact 

of the intramolecular electron push-pull effect of the NFAs on the 

miscibility of donor and acceptor by using the measured contact 

angles of the neat films of PM6, IT-4F and IT-M. The calculation 

results show that the 1 parameter of PM6:IT-4F is higher than 

PM6:IT-M due to the fact that IT-4F film has larger surface tension 

than IT-M film. Figure 3c provided a non-exhaustive survey of the 

relative 1 values for many PSC systems using contact angle 

method54, 57-60.

Temperature-dependent interaction parameter 1(T) can be 

determined by measuring the device-relevant phase diagrams for 

the polymer:small molecule blend with time of flight secondary ion 

mass spectrometry (TOF-SIMS), which tracks the special segments 

of either polymer or small molecule acceptor using bilayer inter-

diffusion approach61, 62. 1 parameters of the blend system can also 

be measured by cloud point63, (X-ray or neutron) scattering49, 64 

reflectivity methods65 and swelling methods66. In addition to the 

experimental methods, 1 parameters can be quickly calculated 

through the Hansen solubility parameters (HSPs)67, as given in 

Equation 6. Based upon the group additive approach, HSPs can also 

be obtained simply based on their molecular structures and molar 

force data from handbooks68. 
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Where < is the correction term and usually 0.5 in the polymer:small 

molecule system, Vs is the geometric mean of the molar volume of a 

polymer with a small molecule, the subscript p identified with the 

polymer and s with the small molecule, and  is the {01, 03, 04}

dispersive interactions, polar interactions, and hydrogen bonding 

interactions, respectively. Equation 6 might fail in some 

circumstances69, 70. As a complement to the group additive 

approach, experimental determination of HSPs may be used71, 72.

3. Bridging Interaction Parameter � and Film 

Morphology in PSCs

Before discussing the relation between device function and 

interaction parameter 1, this section is meant to discuss the role of 

1 parameter on the morphology of the PSC films. The 

characterization of film morphology can be performed by the real-

space microscopy methods such as transmission electron 

microscopy (TEM) and atomic force microscopy (AFM) as well as 

reciprocal-space scattering methods such as resonant soft X-ray 

scattering (R-SoXS)73. Among these, R-SoXS is a favourable 

technique for quantitative analysis of the characteristic morphology 

parameters (domain spacing and relative domain purity) of the 

blend film74-76. The long period (L) or centre-to-centre domain 

spacing is the characteristic length scale of the composition of 

blend films, it can be calculated by using the equation: , 6= �789

where q is the peak location of the scattering maximum. 

Domain purity77 is a vitally important parameter that 

characterizes the molecular miscibility of the components of the 

blend films, which can be extracted from the R-SoXS scattering 

profiles after Lorentz correction, namely I(q)q2 vs q plots. The 

square root of integrated scattering intensity (ISI) over the entire q 

range of the measurement is used to assess the relative domain 

purity (@)75. Based on the contrast mechanism of small angle X-ray 

scattering, the ISI of a two-phase system as displayed in Figure 3d is 

expressed as

 (Equation 7):;: < (�2 � �1)2=1=2

where A1 and A2 are the volume fractions of the two phases, 21 and 

22 are the concentration of small molecule in the polymer-rich 

phase 1 and small molecule-rich phase 2. 20 is the initial volume 

fraction of small molecule in the blend. Ye and Ade et al.61 derived 

the mathematical relations between 1 and @ based on lever rule (�0

) and Equation 7. The readers are directed to the = �1=1 + �2=2

literature61 for full details of the mathematical derivation. The 

expression of @ is given by Equation 8.

 (Equation 8)>= :;: < (�0 � �1)(�2 � �0)

On this basis, if the thermodynamic equilibrium state is reached, 

Equation 9 can be derived as follows

 (Equation 9)>= :;: < (�0 � �%)(��%� �0)

where 21e and 22e are the binodal concentrations of small 

molecules in the two phases. It was clear that both 21e and 22e 

depend on 1. In general, the composition of polymer in the 

acceptor-rich phase is almost zero, thus the value of 22e is 

estimated to be 100 vol%. @ is monotonically related to the 

acceptor content in mixed phase for a given blend composition 20. 

Since 1 can be experimentally determined and 20 is known, 21 and 

22 at any non-equilibrium states can be inferred from a set of 

annealing sequence experiments53, 78. Figure 3e presents an 

example of increasing ISI with annealing time as the mixed domain 

compositions are evolving from within the two-phase region 

towards the binodal limit. Usually, optimized device performance 

was achieved with short annealing (~10 minutes), before the 

binodal limit was reached79.

To experimentally verify the above link between 1 and phase 

purity, Ye et al.61 directly measured the device-relevant phase 

diagrams for a polymer:fullerene blend by TOF-SIMS, which allows 
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consisting, PCDTBT:PCBM and basing on lever rule and 

mathematical derivations, a quantitative model between the 
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Figure 4. (a) Plot of 1 with device fill factor for a wide range of polymer:fullerene and polymer:NFA blends61. Reprinted with permission 

from ref. 61. Copyright 2018, Springer Nature. (b) Illustration of 1B� phase diagram of the PB3T-C66:IT-4F and PB3TCN-C66:IT-4F blends83. 

The solid curves are binodal (coexistence) curves; the horizontal dash lines are the relative 1 parameter calculated by HSP, and the vertical 

dash lines are the maximum IT-4F component in the mixed phases. (c) J-V curves of PB3T-C66:IT-4F and PB3TCN-C66:IT-4F83. Reprinted 

with permission from ref. 83. Copyright 2020, John Wiley and Sons. (d) Two-dimensional GIWAXS pattern for PDCBT-Cl:Y6 blend film. (e) 

Plots of relative composition of PDCBT-Cl:acceptor blends with optimized annealing (2 min) and longer annealing (1 h). (f) Plot of PCE for 

PDCBT-Cl:Y6 blend as a function of aging time53. Reproduced with permission from ref. 53. Copyright 2020, Elsevier.

material-specific interaction parameter 1 and device FF was then 

established. Subsequently, the quantitative relationship was 

established on a variety of polymer:fullerene and polymer:small 

molecule systems (Figure 4a). In this study, the interaction 

parameter 1 has been observed as a critical parameter that impacts 

bimolecular recombination, and thus the FF of PSC devices. The 

device FF increases with increasing 1 parameter, that is, the high 1 

system is easier to achieve high device performance. According to 

this relationship, researchers can bypass the trial-and-error 

strategies to guide the selection of donor/acceptor materials, and 

achieve the performance improvement of devices through 

reasonable molecular structure modification and morphology 

optimization methods, especially in low 1 systems. 

For the hyper-miscibility system, reducing the miscibility of the 

two components is conducive to the improvement of phase purity, 

achieving higher device efficiency. For instance, Duan et al.83 

introduced cyano group into the polymer PB3T-C66 to alter low 1 of 

PB3T-C66:IT-4F, we compared the miscibility of the two polymers, 

PB3T-C66 and PB3TCN-C66, with IT-4F by the HSP method (as 

shown in Figure 4b). The results demonstrated that the miscibility 

of the low 1 system is significantly reduced by introducing cyano 

group into PB3T-C66, resulting in a higher 1 for the blend system. 

Accordingly, the volume fraction of amorphous mixed phases was 

reduced, combined with the increased domain purity from 0.62 to 

1. The optimized phase separation morphology is beneficial to 

exciton dissociation and inhibits charge recombination along with 

the improvement of the charge transport. As a consequence, the 

optimized charge creation and transport facilitate the improvement 

of Jsc and FF, achieving a significant increase in PCE from 2.3% to 

11.2% (see Figure 4c). In addition, In order to reduce the miscibility 

of the P3HT:BTP-4Cl system, Hou et al.84 designed and synthesized a 

new acceptor named ZY-4Cl (the chemical structures are shown in 

Figure 1). The P3HT:ZY-4Cl system has a higher 1 parameter, driving 

the appropriate phase separation of the system, which is consistent 

with the AFM morphology results. Another illustrative example is a 

comparative study of two PBDB-T:NFA systems85, namely PBDB-

T:IT-M and PBDB-T:IT-DM, which are processed at various 

processing conditions (as cast, add solvent additive, use both 

solvent additive and thermal annealing). R-SoXS experiments show 

that the performance metrics of both device characteristics (Jsc and 

FF) increase with the relative average purity. Also, the PBDB-T:IT-M 

blend films with a higher 1 parameter exhibit a larger average purity 

under various processing conditions, which eventually leads to the 

increased FF and Jsc.

We recently discovered that the star acceptor Y6 delivers an 

abysmal performance with PCE of 0.5% when blended with PDCBT-

Cl, although this binary blend shows a rather broad photoresponse 

range53. Grazing incidence wide-angle X-ray scattering (GIWAXS) 

data shows that the blend is poorly ordered (Figure 4d). The DSC 

and contact angle results display that the PDCBT-Cl:Y6 system is 
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It is obvious that the high 1 systems cannot achieve high device 

performance without kinetic quenching the acceptor component of 

the mixed domain to the percolation threshold, but it is often 

accompanied by poor device stability due to the evolution of non-

equilibrium morphology. However, the vitrification of polymers and 

small molecules plays a major role in determining the stability in 

PSC devices and cannot be over-looked. The high degree of 

vitrification can inhibit burn-in degradation and attain high device 

stability. By taking the amorphous miscibility of thermodynamics 

and the kinetic vitrification into consideration, the optimized device 

performance and higher stability can be obtained simultaneously.

Except for affecting the lateral phase separation, the 

thermodynamic 1 parameter also has a significant effect on the 

vertical phase separation in the active layer40, 92, 93, and thus affects 

the selection of proper device configuration. Contact angle 

measurement and X-ray photoelectron spectroscopy (XPS) are 

usually used to characterize the vertical phase separation 

distribution of the blends. Herein, the study by Li et al.59 was used 

as an illustration. They employed 1 to analyse the vertical phase 

separation in the case of PDTB-EF-T:IT-4F blend system. Side-chain 

of the PDTB-EF-T polymer was varied (molecular structures are 

drawn in Figure 1, named P1-3). The vertical phase separation in 

the active layer shows a strong tendency to occur which can be 

ascribed to the large difference in surface tensions between P2 

(with a linear decyl) 

(a) (c)

(d) (e)

(b)

Figure 7. (a) Statistics and Gaussian fitting of the FF distribution of the conventional and inverted PSC devices based on P2:IT-4F. (b) Plot of 

C/S ratios and N contents (%) for the neat films and P2:IT-4F blends obtained via XPS. Blend 1 denotes the P2:IT-4F blend cast on 

PEDOT:PSS and Blend 2 represent the P2:IT-4F blend cast on ZnO. (c) Cross-sectional TEM images and EDS profiles for the conventional and 

inverted devices based on the P2:IT-4F blend59. Reprinted with permission from ref. 59. Copyright 2018, American Chemical Society.  (d) 

Characteristic J-V curves of PBDB-T:PCBM, PBDB-T:ITIC and PBDB-T:N2200 processed with and without DIO. (e) Plot of standard deviations 

of the acceptor composition in the vertical direction across the PBDB-T:acceptor blends with their 1 parameters94. Reprinted with 

permission from ref. 93. Copyright 2019, American Chemical Society.

and IT-4F, corresponding to a higher 1 parameter. As can be seen 

from the XPS, energy dispersive spectroscopy (EDS) and TEM results 

in Figure 7a and 7b, P2 accumulated near the top electrodes and 

the IT-4F-rich layer was near the bottom substrates, which 

experimentally proved the vertical phase separation of the blend 

system. Due to the high 1, the P2:IT-4F blend film has higher phase 

purity and favourable vertical phase separation morphology, 

leading to a FF up to 76% (see Figure 7c) and a high PCE of 14.2% in 

the inverted device.

A recent study by Liu and Huang et al.94 also examined the 

influence of 1 parameter on the vertical phase separation of the 

blends. By measuring the contact angle of neat films, the 

interaction parameters 1 of three different systems are obtained, 

including 1PBDB-T:PCBM=2.4�10-2K, 1PBDB-T:ITIC=1.8�10-2K and 1PBDB-

T:N2200=2.9�10-5K. The standard deviations (�) of the acceptor 

vertical distribution are depicted in Figure 7d. Due to the high 

miscibility of PBDB-T and N2200, there is no obvious phase 

separation in the vertical direction of the blend film, which makes it 

difficult to effectively transfer the charge to electrode, resulting in a 

lower Jsc (Figure 7e). However, the � of the vertical distribution of 

PBDB-T:PCBM system is very large. This is due to the immiscibility 

between the two components, resulting in the inability to form 

efficient charge transport pathways. In the PBDB-T:ITIC system, the 

moderate 1 parameter is conducive to the formation of appropriate 

vertical phase separation, the Jsc of this system is up to 16.3 mA cm-

2. Besides, the addition of 1,8-diiodooctane (DIO) can further 

optimize the distribution of the film in vertical direction and in turn 

improve the efficiency of the inverted device95. Understanding the 
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relationship between interaction parameter 1 and phase separation 

in both lateral and vertical can provide more complete guidance for 

improving device performance of high 1 systems.

5. Role of Interaction Parameter � in Ternary 

Blend Systems

For further improving the device performance, ternary blends have 

been recognized as a potential way cause of the availability to 

broaden the spectral absorption for the current generation, 

combined with the simplicity of device architecture96, 97. But it is still 

a long way to establish general design rules for the fabrication of 

high-efficiency ternary devices.  There are generally three types of 

highly efficient ternary PSCs: polymer:polymer:NFA98, polymer: 

fullerene:NFA99-102, and polymer:NFA:NFA103, 104. As the morphology 

control is typically more complicated and difficult than that of 

binary blends105, the screening of a suitable third component still 

requires a trial-and-error method in most cases. Profit from the 

development of thermodynamics analysis of the morphology 

regulation in binary systems, the evaluation of the interaction 

parameters is also conductive for understanding the complex 

morphology of ternary blend systems. In this section, we are going 

to delineate the role of 1 in various ternary blends and provide 

optimization guidelines for device fabrication by using several case 

studies.

The corresponding guidelines on the selection of an appropriate 

third component for morphology optimization of high-efficiency 

devices are preliminarily established through miscibility 

matching106, 107. A typical example of employing the 1 of 

components to help adjust the phase separation in ternary devices 

was done by Chen and co-workers98. In their study, PDCBT served as 

a third component to the PBDB-T:ITIC binary blend. A negative of 1 

value (-0.08) for the PBDB-T:PDCBT blend manifests hyper-

miscibility between two components. Conversely, PDCBT and ITIC 

are less miscible with a higher 1 value compared with the PBDB-

T:ITIC blend. Due to the high crystallinity of PDCBT and hyper-

miscibility with PBDB-T, the molecular ordering of PBDB-T is 

enhanced with the presence of PDCBT, which may act as a 

nucleating agent. The hypo-miscibility of PDCBT and ITIC eventually 

leads to the increase of phase domain size and an apparent phase-

separated morphology is noticed in ternary films. Ascribed to the 

enhancement of ordering of polymer stacking and the formation of 

proper phase separation, the PCE value increases from 9.4% to 

~11% in ternary devices.

As we discussed above, for binary blends, the amorphous 

miscibility needs to be large enough to form an apparent phase 

separation for the acquisition of high FF and thus high PCE values. 

Therefore, the morphology is generally deeply quenched inside the 

binodal to form sufficient percolation pathways for the electrons. 

For these kinds of systems, the poor stability of performance mainly 

refers to the morphology instability that is primarily driven by 

thermodynamics, which is even occurred while even storing devices 

in a dark and inert environment at room temperature. Generally, 

there are two ways to improve the long-term stability of high 1 

PSCs. One is to �freeze� the mixed phase in the quenched 

morphology of high 1 systems through using the components with 

low flexibility and enhancing the vitrification effect. This method 

was also extensively discussed in section 4. And the other is to 

introduce the third component which has an appropriate miscibility 

with the donor polymer at or above the percolation threshold to 

the initial high 1 systems, thereby providing sufficient charge 

transfer channels to suppress the device degradation108, 109. One of 

our recent studies demonstrated the possibility of suppressing the 

degradation process for binary systems which include a semi-

crystalline acceptor110. The blend of PTB7-Th and IEICO-4F is a 

prototypical system used for semi-transparent and tandem device 

applications with a remarkable Jsc of over 27 mA cm-2 and an 

acceptable PCE of ~11%111. However, the binary blends exhibit a 

pronounced performance degradation for about 35% after shelf 

aging in darkness for 90 days (Figure 8a) demonstrated by Zhu et 

al.110 The origin of rapid performance degradation can be ascribed 

to the following reasons. The hypo-miscibility of IEICO-4F and PTB7-

Th (measured by TOF-SIMS) provides the driving force for two 

components to phase separation. In addition, the crystallization of 

IEICO-4F occurs during the device aging and forms largely isolated 

IEICO-4F-phases (Figure 8b). These two factors lead to a lack of 

percolation pathways for electron transport resulting in evident 

burn-in degradation. The way to improve stability is mainly focused 

on suppressing the crystallization of acceptor and maintains the 

pathways for electron transport. The third component PC71BM is 

hyper-miscible with PTB7-Th but only partly miscible with IEICO-4F 

(Figure 8c). Therefore, the PC71BM are inclined to stay in donor-rich 

phases to form the transport paths and a bit of PC71BM permeates 

into acceptor-rich phases to suppress the crystallization of IEICO-4F 

simultaneously (as illustrated in Figure 8d), indeed giving rise to the 

stability of devices with more than 90% of initial PCE even after 

storing for 90 days.

In general, the addition of the third component provides a 

simple method to effectively improve the pristine photovoltaic 

performance and suppress the degradation of devices driven by 

thermodynamics simultaneously. A preliminary selection guideline 

especially toward the device stability can be referenced for the 1 

parameters of components. Studies up to date indicate that the 

selection of the third component is strongly materials-dependent, 

and there remains far away from establishing a general rule for the 

selection of the third component. To gain deeper insight into the 

relationship between material selection, film morphology, and 

device performance in ternary blend systems, more systematic and 

fundamental research is required.
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for PSCs may be aided by the use of material:solvent interaction 

parameter 1.

To further demonstrate the role of processing solvent, the 

effect of processing solvent on neat polymer films requires in-depth 

studies. In our recent study, we demonstrated sequentially 

deposited PSCs based on a polymer donor PBnDT-FTAZ (also known 

as FTAZ) and a nonfullerene acceptor IT-M with eco-compatible 

solvents. Four different halogen-free solvents, namely, XY, toluene 

(TL), 1,2,4-trimethylbenzene (TMB), (R)-(+)-limonene (LM), and 2,6-

dimethylanisole (DMA), were used to process FTAZ and the 

chlorinated solvent chlorobenzene (CB) was considered as a 

comparison. It was shown that the processing solvent of FTAZ has a 

profound influence on the domain spacing of the sequentially 

deposited nonfullerene PSCs117. The improved performance (Figure 

9d) of FTAZ-based devices processed by R-limonene (LM) was 

closely associated with the highest 1 parameter. Compared with 

other processing solvents, LM with the highest 1 parameter of 

photoactive materials makes the film have more suitable domain 

spacing and highly ordered molecular arrangement through 

sequential deposition, in turn improving the device efficiency up to 

12.5%. Applying this strategy, the sequentially deposited PSC 

devices outperform the bulk-heterojunction devices124. Notably, 

Figure 9e exhibits a monotonic (almost linear) relation between the 

domain spacing and polymer:solvent interaction parameter 1 was 

observed. Although the origin of this relationship is not very clear 

and requires further investigations, the preliminary results 

demonstrated the great potential of applying material:solvent 

interaction parameters to optimize the PSC devices.

In the device preparation of PSCs, the selection of processing 

solvent plays an indispensable role. The boiling point of solvent is a 

commonly considered factor and closely related to the film-forming 

kinetics. Besides, the interaction parameters of material:solvent is 

the key factor affecting device performance from a thermodynamic 

perspective, which can be predicted by using HSPs. In some cases, 

higher interaction parameter 1 is conducive to pre-aggregation of 

the material in solvent. The formation of molecular aggregates in 

solution prior to deposition of the film, resulting in pure domains 

with appropriate molecular packing structure, which leads to the 

higher FF and PCE125. On the other hand, pre-aggregation is related 

to nucleation dynamics, which also affects the domain size and 

phase purity of the film126-128. However, the specific analysis of this 

pre-aggregation aspect is beyond the scope of this article.

Concluding Remarks and Outlook

Summarizing, this Feature Article provided an overview of the most 

recent advances in the mixing thermodynamics of conjugated 

polymers and their applications in understanding nonfullerene 

PSCs, with a focus on those based on polymer donor and 

nonfullerene small molecule acceptor blends. Based on various 

types of high-efficiency polymer:nonfullerene composites, we have 

demonstrated how to realize high-performance PSCs from the 

viewpoint of mixing thermodynamics. In particular, the significance 

of interaction parameter 1 in understanding the morphology of 

nonfullerene acceptors with two types of donor polymers 

(benzodithiophene-based polymers, polythiophene derivatives) and 

their device function (performance and stability) were discussed. It 

should be noted that blend films cast from solution are often 

kinetically trapped and likely in metastable state rather than 

thermodynamic equilibrium state even after post treatments98. To 

provide a comprehensive insight into the morphology manipulation, 

kinetic effects should be comprehensively considered. Despite the 

recent advances in these polymer:nonfullerene small molecule 

blends, many open questions related to thermodynamic interaction 

parameters still need to be addressed.

(1) Temperature dependence of interaction parameters. 

Currently, the temperature dependence of interaction 

parameter, i.e., 1(T) has been only determined for a few 

PSC systems61, 62. To guide the selection of processing 

parameters (e.g., post-treatment temperature), 1(T) 

should be more widely determined. Constructing a new 

database of conjugated polymer:molecule blends with 

experimentally determined 1 parameters will offer some 

valuable lessons about device processing and importantly 

provide quantitative insights into the relationships 

between 1 and other properties of basic physics 

processes (exciton diffusion, charge transport, etc).

(2) Effect of molecular mass polydispersity. Almost all the 

polymer is polydisperse, which is not taken into 

consideration by Flory-Huggins theory129. This is an 

unexplored problem in the field, as the preparation of a 

set of materials with polydispersity as the only variable is 

a grand challenge. To consider this factor, new models 

also need to be developed to understand the molecular 

weight polydispersity of PSC systems. It was shown that 

continuous thermodynamics models130 are capable of 

describing this aspect. In principle, it would be possible 

to apply the model for PSCs based on polydisperse 

polymer blends.

(3) Effect of crystalline-amorphous interactions. The 

molecular interactions between two blend components 

are much more complex131, which can not be only 

described with a single parameter, i.e., amorphous-

amorphous interaction parameter (1aa). Presently, 

amorphous-amorphous interaction parameter 1aa was 

characterized and studied for many PSC systems, while in 

the semi-crystalline blend system, crystalline-amorphous 

and amorphous-crystalline interaction parameters, i.e., 

1ac and 1ca were only characterized in a few studies61 

based on a self-consistent model by Kyu and co-workers47, 

and the relation between these interaction parameters 

and device performance remains poorly understood. To 

accounts for both amorphous-amorphous and crystalline-

amorphous interactions in polymer blends containing 

crystalline components, 1ac and 1ca should be 

quantitatively and comprehensively analysed and 

correlated with film morphology and device function.
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(4) Extension to many other polymer:small blends. 

Although the systems used in this article mainly 

comprised of a polymer donor and a nonfullerene small 

molecule acceptor, the relations of polymer donor:small 

molecule acceptor as parameterized with the theory of 

Flory and Huggins can be likely extended to other kinds of 

blends used in electronics such as small molecule 

donor/polymer acceptor blends132 and conjugated 

polymer/volatilizable solid additive for solar cells, and 

polymer:small molecule blends for transistors as well as 

conjugated polymer/dopant blends for versatile 

applications in thermoelectrics, transistors, and solar 

cells. Most recent results by Han et al. have 

demonstrated that determining interaction parameters is 

instructive to understand these blends133-135.

(5) Characterization of � for complex polymer systems. 

Beyond polymer:small molecule blend systems, polymer 

donor:polymer acceptor blends136-139 and double-cable 

polymers140-142 are under active development and 

demonstrated great potentials in long-term stability. and 

impressive efficiency of 14.4% has been achieved in an 

all-polymer PSC device reported by Huang et al.143 and a 

promising PCE of 8.4% has been realized in single 

component PSCs based on a double cable polymer 

developed by Li group.56 Currently, the 1 parameters of 

these polymer systems are still inadequately 

characterized, mostly by the contact angle method. New 

measures based on other methods might be useful to 

deduce the structure-performance relationships of these 

complex polymer blends.

(6) Computational investigation of interaction parameters. 

While our focus here has been on the experimental 

determination of 1, computer-aided simulations are ideal 

solutions to determine interaction parameters. Currently, 

efforts on simulating 1 are much less compared with 

experimental investigations144. Since very rare cases have 

presented both simulated and experimentally 

determined 1, the computational results have to be 

compared and refined with experiments. To speed up the 

advances, more computational efforts are needed145, 146. 

For instance, a recent study by Zhang and co-workers147 

has introduced a new thermodynamic integration scheme 

to simulate 1 parameters, which might be applicable to 

PSC systems.

Addressing the above challenges may vastly reduce the 

parameter space of the trial-and-error material synthesis and 

device optimization approaches by clearly eliminating a large 

number of material pairs and processing protocols. The 

establishment of more comprehensive 1-morphology-function 

relations would eventually enable predicting optimum processing 

parameters and material combinations for the manufacture of high-

performance PSCs. Lastly, we hope to extend the above relations 

and methodologies of PSCs to understand polymer electronics such 

as light-emitting diodes, thin-film transistors, thermoelectrics, and 

photodetectors, where polymer blends are also widely used as the 

active layers.
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