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Abstract
A consensus is emerging that mixed phases are present in bulk heterojunction organic photovoltaic (OPV) devices. Significant insights into the mixed phases have come from bilayer stability measurements, in which an initial sample consisting of material pure layers of donor and acceptor is thermally treated, resulting in swelling of one layer by the other. We present a comparative study of the stability of polymer/fullerene bilayers using two common OPV polymer donors poly(3-hexylthiophene), P3HT, and poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)], PCDTBT, and four fullerene acceptors phenyl-C61-butyric acid methyl ester, phenyl-C71-butyric acid methyl ester, [60]PCBM bis-adduct and Indene C60 bis-adduct. Using in-situ spectroscopic ellipsometry to characterize the quasi-steady state behavior of the films, we find that the polymer glass transition temperature (Tg) is critical to the bilayer stability, with no significant changes occurring below Tg of the high Tg PCDTBT. Above the polymer Tg, we find the behavior is irreversible and most consistent with swelling of the polymer by the fullerene, constrained by tie chains in the polymer network and influenced by the rubbery dynamics of the mixed region. The swelling varies significantly with the nature of the fullerene and the polymer. Across the 8 systems studied, there is no clear relationship between swelling and OPV device performance. The relationship between the observed swelling and the underlying fullerene-polymer miscibility is explored via Flory-Rehner theory.


Introduction
Recent progress in the performance of organic photovoltaic (OPV) devices can be attributed to the remarkable success of the bulk heterojunction (BHJ) architecture.1–3 Key to a BHJ is spontaneous organization of the active layer into bi-continuous donor rich and acceptor rich regions (‘phases’) mixed on a sufficiently fine length scale (10 nm) that charge separation is facile.4–6 In most systems it is also accepted that the optimal BHJ structure is a metastable system, as Oswald-ripening of the phases should always produce a too coarse morphology.7,8 Recently, it has become clear that in most popular BHJ systems the phases are not pure. Instead, a significant volume is occupied by an intimate mixture of donor and acceptor.9–11 The details of the mixed phase have been proposed as essential to understanding optimized OPV performance.12,13

The fine length scale of optimal BHJs confounds precise materials analysis, thus the specific composition of the donor rich and acceptor rich phases are only beginning to be understood. Two model experiments have emerged that shed light on the details of the material interactions. In demixing experiments, a BHJ is subjected to prolonged high temperature annealing, during which the acceptor, typically phenyl-C61-butyric acid methyl ester (PCBM-61), crystallizes and the crystals ripen to micrometer scale features. High spatial resolution analytical tools such as soft x-ray transmission microscopy (STXM) are then used to measure the composition of the crystals and polymer rich field.12,14 In demixing experiments with the prototypical BHJ system of poly(3-hexylthiophene), P3HT, and PCBM-61, the regions adjacent to PCBM-61 crystals are found to be polymer rich with  5 % volume fraction fullerene at 140 C.14 In typical mixing experiments, a bilayer structure of initially pure components (polymer and fullerene) is subject to a brief anneal and quench. Vertical profiling tools (sputter depth profiling,11,15 neutron reflectivity,16,17 ellipsometry18 or cross-sectional electron microscopy19) are then used to determine the film structure. In general, swelling of the polymer layer by the fullerene (and associated thinning of the fullerene overlayer) is observed. Mixing experiments can also be performed by laterally patterning the polymer and fullerene.20,21 In mixing experiments with P3HT and PCBM-61, the polymer rich regions adjacent to the fullerene layers are  30 % volume fraction fullerene at 140 C.16 Both the mixing and demixing experiments conclusively establish that, for P3HT-PCBM-61, the binary system of pure polymer and pure fullerene is not stable. 
In mixing experiments, the actual observable is often the swelling of the polymer layer by the ingress of the fullerene. Macroscopic composition measurements can be used to define a level of mixing, but often the swollen layer is microscopically heterogeneous, with regions of compositionally pure polymer (crystals) and regions with a mixed morphology with local concentration higher than the macroscopic average. The ingress of the fullerene into the polymer can be considered an example of dissolution and thus evidence for solubility of the fullerene in the polymer. If the microscopically mixed regions can accommodate polymer and fullerene in all ratios, the materials would be miscible in the strict sense of the word. The literature surrounding these experiments tends to use swelling and mixing interchangeably in describing the phenomenology and solubility and miscibility interchangeably in describing the underlying fundamentals. This manuscript will follow that practice.
[image: ]
Figure 1. Species studied
In this report, we use in-situ ellipsometry and a nominally isothermal, quasi-equilibrium heating schedule to survey the stability and mixing behavior of the four most commonly used fullerenes: PCBM-61, phenyl-C71-butyric acid methyl ester (PCBM-71), [60]PCBM bis-adduct (bis-PCBM) and Indene C60 bis-adduct (ICBA) in two prototypical OPV polymers: semi-crystalline P3HT and nominally amorphous poly[N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT) (see Figure 1). The diversity of materials allows us to explore the role of crystallinity and glass transition on the kinetics of the mixing process. The diversity of fullerenes (size and functionalization) allows us to explore the applicability of empirical solubility parameters to the estimation of the fundamental fullerene:polymer interaction parameter describing fullerene miscibility.
Experimental
Materials. RR-P3HT was obtained from Plextronics Inc.[footnoteRef:4] with a number average molecular mass Mn = 62 kD, a regioregularity of 99 %, and a dispersity (Đ=Mw/Mn, where Mw is the mass average molecular mass) of 1.9 determined by size exclusion chromatography. PCDTBT was provided by Konarka. PCBM-61 was obtained from Nano-C Inc., bis-PCBM was obtained from Solenne, PCBM-71 was provided by Konarka, ICBA was provided by Plextronics. Anhydrous chlorobenzene, CB, was from Sigma-Aldrich. All solutions were prepared in a N2 purged glove box. All materials were used as received. [4:  Certain commercial equipment, instruments, or materials are identified in this paper in order to specify the experimental procedure adequately. Such identification is not intended to imply recommendation or endorsement by the National Institute of Standards and Technology, nor is it intended to imply that the materials or equipment identified are necessarily the best available for the purpose.] 


Fabrication of multi-layer structures. To fabricate the multi-layer structures a mechanical laminating process was employed as described in Ref [16]. In brief, an elastomer stamp of poly(dimethylsiloxane) (PDMS) was used to transfer the top film (either polymer or fullerene) from a temporary substrate to the receiver substrate. All transferred films were deposited on freshly ultra-violet-ozone (UVO) cleaned and 18 M deionized (DI) water rinsed substrates. Release of the film from the substrate was facilitated by soaking in DI water. To facilitate release of the transferred film from the PDMS, the transfer was done with a small (10 %) strain applied to the PDMS. The strain was released after laminating the two films.

Polymer films were deposited by blade coating22 from CB solutions onto a 50 ºC substrate with a blade gap of 300 um. P3HT was deposited from a 20 mg/mL solution at a blade velocity between (5 and 10) mm/s. PCDTBT was deposited from a 10 mg/mL solution at a blade velocity between (2.5 and 5) mm/s. Fullerene films were deposited by spin coating at either (50 or 100) rad/s [(1500 or 3000) rpm] from 15mg/mL chloroform solutions. The bottom films were briefly vacuum dried at room temperature.

Ellipsometry experiments were performed using an M-2000 series spectroscopic ellipsometer (J.A. Woollam Co., Inc.) installed in a N2 purged glove box and equipped with an automated substrate heater. Data sets were ﬁt using Complete EASE software. Greater detail is given in the supplemental.

Energy-ﬁltered transmission electron microscopy (EF-TEM) was carried out using an FEI Titan 80-300 TEM/STEM operating at 300 kV, which was equipped with a Gatan 865 Tridiem imaging energy ﬁlter. A pair of low-loss EF-TEM images were acquired for 15 s using a 5 eV wide energy selecting slit centered at 19 eV and 29 eV.  Maximum contrast was then produced by dividing the lower energy loss image by that of the higher loss image.  Bright regions in these images correspond to polymer-rich regions, while the darker regions correspond to fullerene-rich domains.

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy data were collected at beamline U7A of the National Synchrotron Light Source (NSLS) of Brookhaven National Laboratory. Spectra were recorded of the film top surfaces using partial electron yield (PEY) mode with a grid bias of  50 V, such that the signal is dominated by the topmost few nanometers of the film.

Grazing-incidence X-ray diffraction (GIXD) was performed at beam-line 11-3 at the Stanford Synchrotron Radiation Lightsource (SSRL), using a 12.7 keV primary beam, incident angles of 0.10 to 0.12 (between the critical angle of the ﬁlm and the substrate), and a MAR345 image plate detector. The sample was enclosed in a helium-ﬁlled chamber to minimize air scattering and beam damage. Sample-to-detector distance (nominally 400 mm) was calibrated using the scattering pattern obtained from a LaB6 calibration sample.

Results
Bilayer samples, as indicated schematically in Figure 2, were created by film transfer techniques.16 Each layer was nominally 60 nm thick. It is critical that transfer techniques be used as, even with nominally orthogonal solvents, fabrication of bilayers by spin coating generally results in partial mixing of the layers.23 Duplicate bilayers were prepared on silicon substrates with either a native oxide (2 nm thick) or thermally grown oxide (200 nm thick) to provide greater diversity in the ellipsometry data.24 In a typical experiment, a set of 4 films (native oxide/ thermal oxide pairs for P3HT and PCDTBT) would be exposed to a series of temperature steps, nominally 10 C in magnitude with a (4 to 7) min soak time. Care was taken to limit any temperature overshoot upon heating to <0.5 C. At each step, after the soak, in-situ variable angle ellipsometry data was acquired on each film, and the data analyzed in terms of the simple, swelling model indicated in Figure 2. To avoid parameter correlations, the dielectric functions for the fullerene and polymer in the model were fixed at reference values. To account for thermochromic effects, the reference values were determined at temperature in separate experiments. Details of the procedure and data analysis are in the supplemental section. The simple effective medium approximation (EMA) model used here assumes an abrupt interface and neglects diffusion of the polymer into the fullerene. Extensive studies have been made of the P3HT/PCBM-61 bilayer system with sputter depth profiling11 and of both P3HT/PCBM-6116 and PCDTBT/PCBM-6117 by neutron reflectivity (NR). These previous studies validate both assumptions used here. The assumptions are additionally supported by the failure of models including a graded interphase between the fullerene and swollen polymer to significantly improve the fit quality. Additionally, NEXAFS measurements were performed on delaminated film stacks, after swelling, (see S1-S4) confirming penetration of the fullerene to the polymer/substrate interface.
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Figure 2 a) bilayer structure as prepared, b) optical model for bilayer during thermal treatment.
Results from the study of the pure component reference films are shown in Figures S5-S9. The four fullerenes exhibit very little thermochromism. However, all four films underwent a (1 to 2) % decrease in film thickness (densification) above 70 C that is attributed to desorption of residual chloroform. This densification prohibited observation of a change in thermal expansion at the fullerene glass transition temperature Tg, (120 to 160)C vide infra, upon heating. There was no evidence for thermal transitions upon cooling from 160 C. In contrast, P3HT exhibits significant thermochromism but little change in thickness over the studied range (room temperature to 160 C) consistent with the lack of a thermal transition in that temperature region. PCDTBT exhibits less thermochromism than P3HT, but displayed a distinct increase in thermal expansion, associated with the polymer Tg, near 130 C.25,26 Films above Tg also exhibited less anisotropy, consistent with a more disordered, liquid-like state with respect to the kinetically ordered film formed by initial casting. The PCDTBT film exhibited significant hysteresis in film thickness upon cooling.
Results from the swelling of the two polymers by an as-cast PCBM-61 film are shown in Figure 3, which shows the modeled fullerene thickness, the total modeled film thickness (fullerene + swollen polymer), and the model volume fraction of fullerene in the polymer. Also shown is the calculated volume fraction of fullerene in the polymer based on the decrease in fullerene layer thickness. The invariance of the total thickness with temperature and the agreement between the model volume fraction (based on an effective medium dielectric function) and the calculated volume fraction (based on mass balance) suggest that the optical model adequately captures the evolution of the system. It should be noted that the effective medium model does not account for changes in the polymer order (and thus dielectric function) induced by the presence of the fullerene, nor will it account for new charge transfer excitations. This can subtly bias the modeling results. However, the magnitudes of new charge transfer excitations are typically too weak to be detected by ellipsometry.27  Additionally, GIXD studies (Ref  16  and S-12) indicate that there is very little perturbation of the crystalline P3HT by PCBM-61. Similar studies indicate that there is some frustration of polymer ordering due to the fullerene in PCDTBT (Ref 28 and S-13) that was allowed for by extending the optical model to include an isotropic polymer component.
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Figure 3. Results of in-situ ellipsometery for PCBM-61(a) and bis-PCBM (b) bilayer layers formed with P3HT(red) and PCDTBT(blue). Solid line: fullerene thickness, small dashed line: total thickness, open circles fullerene volume fraction in EMA layer, heavy dash line: predicted volume fraction from layer thicknesses. For PCBM-61, the data are shown up until the region where cold crystallization of the fullerene occurs, as indicated by the filled boxes. For the bis-PCBM studies, the results are shown for both heating and cooling as indicated by arrows. The lower of the two curves or symbols correspond to the first heat. Fit parameter uncertainties are smaller than the symbols or line width. 
The analysis of the P3HT/PCBM-61 system was terminated after 130 C. It is well known that spun-cast PCBM-61 films are in a metastable glassy state with a glass transition temperature near 120 C;29 at temperatures above Tg, cold crystallization occurs. In initially mixed films (bulk heterojunctions), cold crystallization is followed by ripening of the PCBM-61 crystals and the development of mesoscopic lateral phase separation. This is also observed for the bilayer films.  When mesoscopic lateral phase separation occurs, the ellipsometric model in Figure 2 fails. The development of lateral phase segregation can be confirmed by optical microscopy after the temperature series (see Figure S-9) and by the development of significant depolarization in the ellipsometric data. All results presented are restricted to the temperature range where by both depolarization and optical microscopy there is no evidence for lateral segregation of fullerene.  
It has been shown that the nature of the substrate strongly influences cold crystallization kinetics in BHJs.7  BHJs cast on native oxide exhibit facile crystallization while BHJs cast on PEDOT-PSS are stable to significantly higher temperatures. We performed studies with P3HT/PCBM-61 bilayers on native oxide in which the polymer was on the bottom or in which the fullerene was on the bottom.  We also examined a bilayer in which the polymer was on the bottom on a 35 nm layer of PEDOT-PSS. In all 3 cases cold crystallization was observed and there was no difference in the fullerene uptake below 140C (see table S1). We attribute the insensitivity of the cold crystallization to the substrate identity to heterogeneous nucleation of PCBM-61 crystals at the fullerene/polymer interface.  PCBM-61 crystallization was consistently delayed in PCDTBT bilayers, allowing access to higher temperatures. Cold crystallization was observed only for PCBM-61 in P3HT and PCDTBT. 
Cold crystallization was investigated by grazing incidence wide angle x-ray scattering (GIWAXS) studies of annealed reference films and bilayers (S10-S13). Crystallization of PCBM-61 was confirmed for both the neat fullerene and bilayers after annealing to 160 C for 10 min.  While a PCBM-71 neat film exhibited crystallization upon annealing to 180 C for 10 min, no crystallization was observed for bilayers exposed to 160 C for 10 min, suggesting the nucleation and/or growth kinetics are slow. This is consistent with our estimate of about 163 C for the Tg of PCBM-71 (see below). No crystallization was observed for either bis-adduct, in neither the neat film nor bilayer. 
Shown in Figure 3 are the results from the ellipsometric study of bis-PCBM in the two polymers. As no crystallization occurs with the bis-adduct, the full temperature series could be analyzed. As with PCBM-61, there is good agreement between the fullerene volume fraction from the optical model and from mass balance. Importantly, the swelling is observed to be irreversible upon cooling. This irreversibility was observed for all bilayers studied with either bis-adduct and for all bilayers formed with PCBM-71.
The observed swelling of the P3HT by PCBM-61 is consistent with earlier reports by sputter depth profiling11 and neutron reflectivity.16 Detectable swelling occurs at temperatures as low as (70 to 80) C. At temperatures near 130 C, which are typically used for annealing OPV devices, significant ( 20 % volume fraction fullerene) swelling occurs. The swelling is known to be sensitive to the processing history of the P3HT with thermally annealed, spin coated films exhibiting  2 times less swelling than as-spun films.16  The blade coated P3HT films in this study exhibit behavior similar to the annealed, spin-coated films in Ref 16. The degree of swelling in the P3HT was sensitive to the substrate temperature during blade coating, as films formed at lower temperature (30 C vs 50 C) exhibit greater swelling. The swelling of PCDTBT is quite distinct from that of P3HT - no significant swelling occurs until temperatures in excess of 120 C. 
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Figure 4. Results of in-situ ellipsometry for mixing of crystalline PCBM-61 layers formed by annealing at 180 C with P3HT (red) and PCDTBT(blue). Solid line: fullerene thickness, small dashed line: total thickness, open circles % volume fraction fullerene in EMA layer, heavy dash line: predicted % volume fraction from layer thicknesses. (Note that in both cases, the line overlays the 0% volume fraction axis line.) The results are shown for both heating and cooling as indicated by arrows. The lower of the two curves or symbols correspond to the first heat. Fit parameter uncertainties are smaller than the symbols or line width.  
It is also known that the swelling is sensitive to the state of the fullerene. Shown in Figure 4 are results from bilayers in which the PCBM-61 was annealed at 180 C for 30 min to produce a highly polycrystalline film prior to transfer of the polymer layer on top. In this case there is significantly less swelling of either polymer and no observed lateral phase segregation. This is consistent with recent NR studies16  and helps to reconcile the results of bilayer stability studies16 and demixing studies.14 In the demixing studies, long time annealing is performed to achieve quasi-equilibrium between PCBM crystalline regions (confirmed by diffraction) and polymer-rich regions. In those studies, the volume fraction of PCBM-61 in the P3HT is significantly less than that in the swelling measurements, where the polymer-fullerene phase is in contact with the metastable glass phase of the fullerene.
For all fullerenes, significant swelling of PCDTBT did not occur until T ≥120 C, suggesting that the PCDTBT glass transition controls the swelling behavior of the high Tg polymer.  Because of the strong polymer dependence of the absolute swelling behavior, we have chosen to summarize the data by calculating the relative mixing of the respective fullerenes for each polymer with respect to an amorphous PCBM-61 standard. For P3HT, the relative metric is calculated from observations at (110, 120 and 130) C, relative to the data for PCBM-61 from the 3 bilayer forms (top, bottom, PEDOT-PSS) described above. For PCDTBT, the relative metric is taken from data at (130, 140 and 150) C.  Shown in Figure 5 is a summary of the relative volume fraction of fullerene in each system. The notation (x) is used to denote the initially crystallized fullerene layers. The error bars are the standard deviation over the three temperatures. The results are also provided in Table S1. In general, all the alternative fullerenes exhibit less swelling than PCBM-61. The dynamic range among the 4 amorphous fullerenes is nominally a factor of 3, with crystalline fullerenes always exhibiting the least swelling. The variation between the fullerenes in relative swelling is not consistent between the two polymers.  Of note is the behavior of PCBM-71. It produces similar swelling of P3HT to that observed using PCBM-61, but significantly less swelling of PCDTBT. The observation of greater swelling of P3HT by PCBM-71(x) than PCBM-61(x) is consistent with STXM mixing results for this system.20 The relative swelling for all four fullerenes in P3HT are in quantitative agreement with recent NR results.30 
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Figure 5 Relative degree of mixing from in-situ ellipsometry. Uncertainty is one standard deviation of the mean over the three temperatures specified in Table S1
Recently, several authors have attempted to correlate the level of mixing (solubility) of fullerenes in donor polymers with device performance.  In a study of poly(3-hexylselenophene) and a series of fullerenes, Treat, et al. demonstrated a “Goldilocks” relationship between solubility from a mixing experiment and device efficiency. PCBM-61 exhibited high mixing (73 % at 140C) and resulted in poor devices attributed to a too finely mixed morphology.31 A series of novel substituted fullerenes resulted in relative miscibilities ranging from 93 % to 7 %. Device efficiency correlated with relative solubility, with the optimal performance observed for the 19 % relative solubility fullerene. Similarly, Ma, et al. correlated solubility (from a de-mixing experiment) and device performance for PCBM-61 and -71 in two similar copolymers: PBDT-DTBT and PBDT-DTNT;32 the relatively purer polymer domains exhibited higher performance. The purer polymer domains were found in the polymer with very low (3 to 5) % equilibrium solubility.  For the fullerenes studied in the present paper, device efficiency is a poor metric for comparison, as the bis-adducts exhibit significantly greater open circuit voltage. Here we tabulate the relative solubility along with the device performance metrics: short circuit current (Jsc) and fill-factor (FF). For P3HT, there are multiple reports in the literature of devices made with both PCBM-61 and the three alternate fullerenes. Selected data are presented in Figure 6 and Table S2. All four fullerenes can produce good devices with very similar Jsc and FF. For P3HT, there does not seem to be an optimal solubility within the range probed in this report. For PCDTBT, we report the results of devices made for this study in the supplemental section. Similar to the behavior of P3HT, we see no clear correlation between device performance and fullerene solubility in PCDTBT. However, unlike with P3HT, only the mono-adducts form good devices with PCDTBT. Both bis-adducts exhibit low Jsc and low FF. 
 
Figure 6. Comparison of relative solubility, from Figure 5, with relevant device characteristics for optimized OPV devices.
It has been suggested that the poor performance of the bis-adducts relative to the mono-adducts in PCDTBT is due to the formation of an intercalated phase with the mono-adducts.33 This is motivated by the relatively high (3:1 to 4:1) optimal fullerene-to-polymer ratio found for PCDTBT. To compare the morphology of the PCBM-71 and bis-adduct films, energy filtered transmission electron microscopy (TEM) was performed using plasmon loss electrons as previously reported.34  No gross morphological differences were observed between the best performing PCBM-71 BHJ and the poor performing bis-PCBM BHJ (See Figure 7). The ICBA BHJ, while exhibiting a similar fibrillar morphology, appears to have a smaller network scale than PCBM-71, although the miscibilities are nominally matched. Additionally, there is no evidence for an intercalated phase after swelling in GIXD (S10). Faist, et al. have attributed the poor performance of ICBA in PCDTBT primarily to poor charge generation and the poor performance of bis-PCBM in PCDTBT primarily to a low hole mobility.35 Electroluminescence (EL) studies (S-14) support poor charge generation for the ICBA as pure component emission is observed in addition to emission from the charge transfer state. This is likely due to level alignments, as PCBM-71, with a relative solubility similar to ICBA, exhibits excellent charge generation. Similarly, the poor hole transport35 for bis-PCBM cannot be associated with solubility.  
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Figure 7. Energy filtered TEM images of PCDTBT films formed with PCBM-71 and the bis-adduct fullerenes. The light regions are polymer rich.
Discussion
[bookmark: _GoBack]For all 12 combinations studied (amorphous and crystalline mono-adducts, bis adducts, P3HT and PCDTBT) the initial material pure bilayers are thermally unstable, indicating that for all combinations, there exists some solubility of the fullerene in the polymer. Motivated by the similarity of the swelling process to solvent swelling of polymers, we will frame the discussion in the context of Flory-Rehner (F-R) equilibrium theory,36 and then treat possible sources of kinetic constraints. In the original F-R theory for swelling of a rubbery polymer by a solvent vapor, the equilibrium uptake of solvent is found from the equality of the solvent activity in the gas phase and in the swollen polymer, accounting for both the elastic entropy and the enthalpic interaction between the solvent and polymer. Following Brown,37 the activity of the solvent, assuming 1D swelling, is described in terms of the Flory parameter χ by: 
	  	Eq 1
where a is the solvent activity,  the polymer volume fraction in the amorphous regions, Vi the molar volume of solvent and polymer and Nt the number of tie chains (= aVs/Mc where  is the density of the amorphous region and Mc the molecular mass between tie chains). 
In the context of Eq. 1, the different behavior of the amorphous monoadduct bilayers (significant swelling) and the crystalline monoadduct bilayers (very little swelling) is well rationalized. The activity of the solvent (fullerene) is determined by the reservoir (film) with which it is in equilibrium. The lower total energy of the crystalline state results in a lower activity for the resulting swelling of the polymer (ln(a) becomes negative). We note in passing that, in terms of guiding the composition of mixed amorphous regions in high performing BHJs, the near equilibrium behavior of the fullerene in the presence of a crystalline reservoir may misinform. In virtually all high performing BHJs, GIXD shows no significant crystalline fullerene diffraction, suggesting the dominance of the amorphous state. In addition, the presence of crystalline domains would be expected to promote Oswald ripening of the fullerene, as was seen with PCBM-61 and P3HT at elevated temperatures,7 with a deleterious effect on device performance. 
For the case of an amorphous fullerene film, the activity is 1 and we are in the limit of maximum (equilibrium) swelling where the elastic free energy balances the free energy of mixing:
	.  	Eq 2
Shown in Figure 8 is the solvent volume fraction (1-) in the amorphous regions as a function of  for representative values of Nt. The system exhibits the ‘like-likes-like” rule: the solvent volume fraction increases as  tends to zero. The solvent volume fraction also increases as the density of tie chains in the amorphous region decreases. Also shown in Figure 8 is the predicted solvent volume fraction, including the ln(a) term of Eq. 1, calculated for PCBM-61 based on a heat of formation of the crystalline phase of 16 J/g. The low solubility in the presence of the crystalline phase is clearly demonstrated.
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Figure 8 Solvent fraction from Eq. 2 vs  as a function of Nt. Also shown is the prediction of Eq. 1 for Nt=0.03 and crystalline PCBM-61(x).
For all systems studied in which cold crystallization was not present, the swelling of the polymer by the fullerene appears to be irreversible. This suggests that the observed levels of swelling are not reflective of equilibrium solubility, but that the systems, even in quasi-steady state, are in a kinetically determined state. We now turn to the consideration of kinetic bottlenecks to the final equilibrium behavior. Swelling requires diffusion of the fullerene into the polymer and, due to the large molar volume of the fullerenes, significant polymer reorganization. It is thus intuitive that, at temperatures below Tg of the amorphous regions of the polymer, little swelling will be seen on the short (10 min) time scales studied here. This is consistent with the absence of detectable swelling of PCDTBT until T near the 130 C Tg of the polymer. For P3HT, with a reported Tg of  10C,38 fullerene diffusion is known to be facile at moderate temperatures.21 However, it is interesting to reflect on the role of Tg of the mixed phase in the irreversible behavior. The Tg’s of the fullerenes studied herein have been roughly estimated to be 117 C for PCBM-61,  145 C for bis-PCBM, 163 C for PCBM-71, and 168 C for ICBA. (See Supplemental for additional information related to the methods used to estimate these values for Tg.)  These values are significantly greater than that of P3HT. Thus, simple blend theory approximations would suggest the Tg of the mixed amorphous regions will increase monotonically with increasing fullerene occupation. In this sense, the swelling behavior is self-limiting. This could account for the irreversibility of the P3HT system as, upon cooling, the high Tg of the mixed amorphous regions would inhibit out-diffusion of fullerene. However, inspection of Figure 9 indicates that there is no clear correlation between the observed relative solubility in P3HT and the fullerene Tg. This is also consistent with estimates of the Tg of the mixed amorphous regions. Using the Fox relationship39 and the assumption that about 50% of the P3HT is crystalline, the levels of mixing observed at 130 C (see Table S1) imply Tg of the mixed amorphous regions is less than 33 C. While the vitrification of the mixed amorphous phase appears to not present a significant kinetic barrier to the behavior of P3HT, it may be relevant to PCDTBT as a clear correlation between observed swelling and Tg is observed in Figure 9. As all the fullerenes except for PCBM-61 have an estimated Tg above that of PCDTBT, mixing will decrease the polymer dynamics in the mixed regions. Using the very conservative estimate of 50% crystallinity, the mixing levels of Table S1 imply an upper bound on the mixed region Tg’s for PCDTBT  141 C.
We attribute the irreversibility of the experiments at temperatures above the mixed amorphous Tg to a kinetic barrier to swelling from thermally activated tie-chain pull-out.  In high molecular mass semicrystalline polymers, a source of ties chains is molecules that bridge between two crystallites. However, with a sufficiently strong thermodynamic driving force for mixing, these tie chains can be pulled out of the crystals, decreasing Nt. As tie chain pullout is an irreversible processes, if the temperature were lowered the elastic restoring force of the tie chains would not be present to pull the crystallites back together and expel the fullerene. Thus the observed swelling does not reflect the true equilibrium solubility (driving χ) but is instead a lower limit, set by the kinetic constraints of the tie chains and possibly glassy dynamics. However, we expect that there should be a direct relationship between χ and the observed swelling of different fullerenes when compared using a single polymer. We have explored this by estimating χ based on Hansen solubility parameter (HSP) theory (see Appendix for details). The diversity in solubility parameters across the 4 fullerenes is limited. We found the estimation of HSPs to be highly sensitive to the data used in their parameterization. In order to emphasize the anticipated trends, we use calculated HSPs for the four fullerenes, using a parameterization based to the available data for C60, PCBM-61 and PCBM-71. 
Shown in Figure 9 are the relative solubility and the calculated Flory ’s for the 8 systems. For P3HT, the range of solubility is greater than anticipated by the estimated range of  and Eq. 2. However, the trend in solubility, lower for the bis-adducts, is consistent with the slightly larger  for the bis-adducts. The lower solubility of bis-PCBM is consistent with melting point suppression data for PCBM-61 and bis-PCBM.40 
Overall,  in PCDTBT is higher than in P3HT. This can be attributed to a larger hydrogen-bonding contribution to the PCDTBT cohesive energy density arising from the benzothiodiazole unit. The low solubility of ICBA is consistent with the estimate of . The relative ordering of the solubilty of PCBM-61>bis-PCBM>PCBM-71 follows the estimated  PCBM-61<bis-PCBM< PCBM-71 and is in line with the magnitude of relative solublity predicted from Eq. 2 and the estimated . We note that the overall high level of mixing (approaching 50%) for PCBM-61 in PCDTBT at high temperatures is qualitatively consistent with the tie chain hypothesis as the level of  crystallinity (and possibly tie chain density) in as cast PCDTBT films is considered to be low based on the weak diffraction.28
[image: ]
Figure 9. Comparison of relative solubility (degree of mixing) and estimated Tg (left) and Flory (right) for the four fullerenes in both polymers. Predicted variation from Eq. 1 and Nt=.3 also shown on right as a solid line.
Conclusion
We have demonstrated that in-situ spectroscopic ellipsometry of bilayer stability is a powerful tool for the characterization of the fundamental interactions between the organic semiconducting polymers and fullerenes used in bulk heterojunction solar cells. We find that the bilayer stability is dominated by the thermodynamic states of the polymer and fullerene, thus the glass transition temperature of the polymer and cold crystallization of the fullerene control the behavior. For the four fullerenes most commonly used in high performing solar cells we find a moderate (about a factor of 3) variation in quasi-equilibrium fullerene mixing. We attribute this variation to differences in the underlying thermodynamic propensity for mixing, , constrained by kinetics.  More specifically, for all the systems studied, the observed swelling is irreversible, implying that the first passage heating is not achieving an equilibrium. In P3HT, where the irreversibility is observed well above the expected Tg of the mixed amorphous phase, the dominant kinetic constraint is proposed to be thermally activated tie chain pull-out. In PCDTBT, where the irreversibility is observed at temperatures only slightly above the expected Tg of the mixed amorphous phase, and where there is a clear correlation between expected Tg and mixing, the kinetic constraints are likely both tie chain pull-out and slowed relaxation/dynamics in the glassy state. We have shown that for P3HT, there is no correlation between solubility, as measured by mixing as well as through estimates of the Flory interaction parameter , and device performance, consistent with the demonstration of good devices with all 4 fullerenes. For PCDTBT, there is no correlation between solubility and device performance, the poor performance of the bis-adducts appearing to arise from species specific charge generation and electrical transport effects other than those attributable to thermodynamics or glassy dynamics.
Appendix
The Flory-Huggins  parameter is ubiquitous in the description of the thermodynamics of polymer-solvent mixtures and can be experimentally determined by many techniques, including melting point depression, swelling equilibria, and intrinsic viscosity. The experimental determination of  via traditional DSC methods is material consumptive and thus has not been done on the 8 combinations reported in this paper. In the absence of experimental determination,  can be estimated based on models for the cohesive energy density (CED). The most popular model for the CED has been put forth by Hansen41, in which the CED is decomposed into 3 terms, attributed to dispersive interactions D polar interactions P and hydrogen bonding interactions H:
.
The  parameter can be estimated from the Hansen solubility parameters (HSP) by:

Where Vs is the molar volume of the solvent and  is a correction term based on the solvent and polymer volumes. Hansen suggests that, for a molecular solvent and a high molecular mass polymer,  tends to 0.5. 41Lindvig et al. have empirically determined  to be .6 for a series of polymers.42 
The Hansen solubility parameters can be calculated based on molecular properties;43 however, they are usually experimentally determined based on solubility studies in multiple solvents.41 HSP’s have been reported for a few materials relevant to OPV and are presented in Table A4. Again, experimental determination of HSP by solubility is material consumptive. The HSPs can be estimated from functional group additive methods. One of the most popular is that of Van Krevlen and Hoftzer (VK-H).43 We find that the VK-H parameterization does not work well for the polar and hydrogen bonding contributions of the OPV materials. We have thus developed extended parameters by fitting the available data; these are summarized in tables A2 and A3. Using these revised parameters, we have calculated the HSPs for the 10 materials studied and summarized them in Table A4. From the estimated HSPs we have calculated the respective s and summarized them in Table A1. For consistency we use the calculated HSPs for all 4 fullerenes, even though experimental values are available for PCBM-61 and PCBM-71.  
Recently  has been estimated to be 0.86+/-0.09 by Kozub et al.44 from melting point suppression, following

Where Tm is the observed melting point, Tm0 the melting point of an ideal crystal, H the heat of fusion of the ideal crystal, Vs the molar volume of the solvent, and Vp the segment molar volume of the polymer and  the solvent volume fraction. Our calculated value of  is significantly smaller. Published phase diagrams for PCBM-61, bis-PCBM, and tris-PCBM with P3HT indicate that  increases from mono to bis to tris (degree of melting point suppression decreases), consistent with the trend displayed in Table A1. The absolute value of  is very sensitive to the details of the HSP calculation and a sensitivity analysis is difficult due to uncharacterized correlations in the experimental  values on which the parameterization is based. 
Table A1 estimated values of  
	
	Hansen estimate

	P3HT/PCBM
	.24

	P3HT/PCBM-71
	.26

	P3HT/bis
	.36

	P3HT/tris
	.48

	P3HT/ICBA
	.33

	PCDTBT/PCBM
	.74

	PCDTBT/PCBM-71
	.86

	PCDTBT/bis
	.85

	PCDTBT/ICBA
	1.6



Table A2 Functional Group additive Terms for Calculation of Hansen Parameters

	
	Fdi J1/2cm3/2/mol
	Fpi J1/2cm3/2/mol
	Ehi J/mol

	CH3
	420
	0
	0

	CH2
	270
	0
	0

	CH
	80
	0
	0

	C
	-70
	0
	0

	CO
	290
	770
	2000

	-O-
	100
	400
	3000

	-N=
	20
	800
	5000

	-COO-
	390
	490
	7000

	C6H5
	1430
	110
	0

	=C< (fullerene)
	138
	300
	91

	C4HS
	976
	606
	2670

	C12H8
	1740
	950
	6900

	C6H2S2N
	3090
	1520
	32250


All values from Ref[43], except those in bold, derived from values in table A4 for P3HT, PFO, and PCPDTBT
Table A3 molar volume			
	
	Vi cm3/mol

	C (in a fullerene cage)
	6.95

	-C6H5
	71.4

	-CH2-
	16.1

	-CH3
	33.5

	-COO-
	18.0

	>C<
	-19.2


All values from Ref[43] except C(in a fullerene) which is from [Cataldo]


Table A3 cont. Experimental and estimated values for the molar volume
	
	Experimental density
g/cm3
	Vexp
cm3/mol
	V cal
cm3/mol

	P3HT
	1.1216,45
	144
	

	PCDTBT
	1.2217
	574
	

	C60
	1.72
	419
	417

	PCBM-61
	1.6017
	569
	569

	PCBM-71
	1.58a
	652
	638

	Bis-PCBM
	1.34b
	821
	721

	ICBA
	1.44b
	662
	588

	Tris-PCBM
	
	
	873


a From XRR studies for this paper, estimated standard deviation of the mean 0.02.
b From Ref [46]

Table A4 Experimental and estimated values for HSPs. Values in Bold used to calculated 
	
	d
	p
	h
	
	Ref

	P3HT
	18.5
	5.3
	5.3
	20.0
	Machui47

	
	18.56
	2.88
	3.19
	19.1
	Duong48

	
	18.5
	4.1
	4.2
	19.4
	Average

	
	18.5
	4.1
	4.2
	19.4
	Calc

	PCDTBT
	20.0
	3.7
	9.3
	23.8
	Calc

	PCPDTBT
	19.6
	3.6
	8.8
	21.8
	Machui49

	
	19.6
	3.6
	8.8
	21.8
	Calc

	PFO
	18.55
	2.8
	4.51
	19.3
	Duong48

	
	18.6
	2.8
	4.5
	19.3
	Calc

	C60
	19.7
	2.9
	2.7
	20.1
	Hansen

	
	19.8
	5.6
	3.6
	20.9
	Calc

	PCBM-61
	19.7
	5.2
	6.0
	21.2
	Machui47

	
	19.89
	5.68
	3.64
	21.0
	Duong48

	
	19.8
	5.45
	4.8
	21.1
	Avg

	
	19.8
	4.2
	4.7
	20.8
	Calc

	PCBM-71
	19.85
	7.87
	7.53
	22.6
	Burges-Cebalos50

	
	20.16
	5.37
	4.49
	22.6
	Duong48

	
	20.0
	6.6
	6.0
	21.3
	Avg

	
	19.8
	4.0
	4.6
	20.7
	Calc

	Bis-PCBM
	19.7
	3.4
	5.2
	20.7
	Calc

	ICBA
	19.8
	4.0
	3.0
	20.5
	Calc





Table A5 Decomposition of material used for HSP parameterization
	Material
	Functional group composition

	C60
	60  =C<(fullerene)

	PCBM-61
	60 =C<(fullerene) + C6H5 + >C< + 3CH2 + COO + CH3

	PCBM-71
	70 =C<(fullerene) + C6H5 + >C< + 3CH2 + COO + CH3

	P3HT
	C4S + 5CH2 + CH3

	PFO
	C12H8 + >C< + 14 CH2 + 2 CH3

	PCPDTBT
	2C4S + >C< + C6H2S2N + 10 CH2 + 4 CH3 + 2CH

	PCDTBT
	2C4S + C6H2S2N + C12H8 + =N- + >CH+14 CH2 + 2 CH3 
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