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Abstract: 

Spin casting has become an attractive method to fabricate polymer thin films found in organic 

electronic devices such as field-effect transistors, and light emitting diodes. Many studies have shown that 

altering spin casting parameters can improve device performance, which has been directly correlated to the 

degree of polymer alignment, crystallinity, and morphology of the thin film. To provide a thorough 

understanding of the balance of thermodynamic and kinetic factors that influence the stratification of 

polymer blend thin films, we monitor stratified polymer blend thin films developed from poly(3-

hexylthiophene-2,5-diyl) and poly(methyl methacrylate) blends at controlled loading ratios, relative 

molecular weights, and casting speed. The structures of these thin films were characterized via neutron 

reflectivity, and the results show that at the fastest casting speed, polymer-polymer interactions and surface 

energy of the polymers in the blend dictates final film structure, and at the slowest casting speed, there is 

less control over the film layering due to the polymer-polymer interactions, surface energy, and entropy 

simultaneously driving stratification. As well, the relative solubility limits of the polymers in the pre-

deposition solution play a role in the stratification process at the slowest casting speed. These results 

broaden the current understanding of the relationship between spin casting conditions and vertical phase 

separation in polymer blend thin films and provide a foundation for improved rational design of polymer 

thin film fabrication processes to attain targeted stratification, and thus performance.

Introduction:

Spin casting has been used for multiple decades as a method to fabricate polymer thin films that 

are as thick as 50 microns to as thin as a few nanometers.1 It is well known that casting speed, solution 
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loading, and polymer molecular weight have an effect on final film thickness.2–4 Spin casting has become 

an attractive deposition method for the fabrication of films for many applications ranging from organic 

electronic devices to a variety of polymer coatings.5–7 Specifically in the device fabrication field, careful 

modification of the spin casting processing parameters such as solvent, casting speed, and polymer loading 

elicit various qualitative trends in polymer gelation, crystallization, and chain alignment.8–13 

Recently, devices with improved performance and durability have been realized by fabricating from 

solutions of polymer blends.14–17 Typically each polymer in the blend is soluble in a common solvent which 

allows for one-step solution processing, streamlining the fabrication process.14,17 Additionally, polymer 

blends open the possibility of auto-assembly or self-stratification into useful structures with practical 

interfaces for organic electronics.18–20 As with spin casting single-component polymer solutions, the 

morphology of a polymer blend final film is dictated by the deposition conditions. However, the relationship 

between spin casting conditions and structure formation in the fabricated film becomes more complex with 

the addition of another polymer.21–23 The concurrent and competing interactions between the two polymers, 

between polymers and solvent, and between polymers and substrate result in a complex process where it is 

difficult to anticipate and predict the final film structure.24 This limits the ability to rationally alter the spin 

casting conditions to design the final device structure to a targeted morphology, which is detrimental to 

rationally improving device performance by directing final film architecture.25 

The various binary interactions present in the deposition process of polymer blend films are known, 

yet the importance of each interaction in the deposition process and its contribution towards final film 

structure is less understood.25 Self-stratification is a term used to encompass the vertical phase separation 

of polymer blends in thin films and is widely accepted as a thermodynamically driven process despite 

intrinsic kinetic trapping effects.26 Kinetic trapping occurs during the short time scales of spin-cast film 

formation and prevents the blend film from reaching its equilibrium. Many studies have demonstrated 

varying device performance with a change in casting solvent.8–10,27 However, the variation in device 

performance is often attributed to polymer-solvent or specific surface energy interactions; yet the impact 

of solvent evaporation rate and kinetics of film formation are often overlooked. 
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To address these shortcomings, our group has studied the dominating driving forces of film 

formation and stratification of poly(3-hexylthiophene-2,5-diyl) (P3HT) and poly(methyl methacrylate) 

(PMMA) blends by monitoring the final film structure as a function of processing conditions, including 

casting speed, blend composition, and polymer molecular weight.28 These experiments reveal that as 

polymer molecular weight and blend composition were altered, thermodynamic interactions such as 

polymer surface energy, and the polymer-polymer interaction parameter controlled final film stratification. 

Additionally, the kinetic and thermodynamic effects on final film structure were decoupled by controlling 

casting speed to vary film formation time, rather than introducing a more slowly drying solvent, which also 

alters the thermodynamic interactions of the system. By keeping all thermodynamic parameters constant, 

the kinetic effects on final film structure are isolated. The kinetics of spin casting was monitored in-situ 

with light reflectivity during the film formation process. The results of film formation time paired with the 

final thin film structure showed that the longer film formation time of slower casting speeds resulted in 

larger extents of stratification relative to the samples prepared at fast casting speeds. We attribute this 

increased layering to the fact that the fully stratified film is the thermodynamic endpoint, and longer film 

formation time allows the film to evolve closer towards this equilibrium. 

The work describe here expands the solution and casting parameters including blend composition, 

polymer molecular weight, and casting speed, to gain an increased understanding of the impact of each 

thermodynamic parameter on the stratification process, and provide a foundation that can aid in the 

development of guidelines to rationally design and tune the stratification in polymer blend films simply by 

altering pre-deposition solution properties and processing conditions. 

Experimental:

Chlorobenzene (Sigma Aldrich), Poly(3-hexylthiophene-2,5-diyl) (P3HT) (Ossila, regioregularity-

95%, and number-average molecular weight (Mn) 19,500 g/mol and polydispersity index (PDI) 1.75) and 

deuterated poly(methyl methacrylate (dPMMA) (Polymer Source Inc., Mn (PDI), 20,000 g/mol (1.6), 

131,500 g/mol (1.4), 316,000 g/mol (1.35), 520,000 g/mol (1.4)) were used directly from the supplier and 

were not further purified. Polymer blends were dissolved at 1 percent by weight in ratios of P3HT:dPMMA 
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5:95, 10:90, 15:85, 20:80 in chlorobenzene at 55°C overnight. Thin films were prepared by spin coating 

(209.4 rad/s or 52.4 rad/s) the chlorobenzene solutions onto Si wafers (previous results analyzed a middle 

casting speed, 104.7 rad/s). The Si wafers were cleaned in a piranha solution (1:3 ratio of sulfuric acid and 

hydrogen peroxide), washed with nanopure water, and placed under UV irradiation and ozone.

Neutron reflectivity experiments were conducted at the National Institute of Standards and 

Technology’s Center for Neutron Research (NCNR) using the NG7 beamline with a Q range of 0.008-0.2 

A-1 where Q= 4π/λ sin(θ); λ is the neutron wavelength, and θ is the angle of incidence. The data for all 

incident angles was reduced utilizing the NCNR software. 

The solubility limits of protonated poly(methyl methacrylate) (H-PMMA) in chlorobenzene were 

determined using transmission infrared spectroscopy (IR). H-PMMA was obtained from Acros (Mn 15,000 

g/mol), Sigma-Aldrich (weight average molecular weight (Mw) 120,000 g/mol and 350,000 g/mol), and Mn 

520,000 g/mol dPMMA was obtained from Polymer Source. IR spectra were recorded with a Thermo 

Scientific Nicolet iS50 FTIR Spectrometer and a transmission cell. The solubility limits for H-PMMA and 

dPMMA were determined by monitoring the intensity of the carbonyl peak (1730 cm-1) (A) combined with 

the Beer-Lambert law (Equation 1) where c is the concentration of the solution,  is the molar absorptivity, 𝜀

and l is the path-length.

                                                                Eq. (1)𝐴 = 𝑐𝜀𝑙

The molar absorptivity was determined by measuring the intensity of the carbonyl peak for each 

molecular weight of H-PMMA and dPMMA at known concentrations and plotted as a function of PMMA 

concentration. The slope of the line from each of these graphs is the molar absorptivity. A separate saturated 

solution for each molecular weight was made, filtered, and serially diluted. The serial dilution is necessary 

because the detector cannot detect such high carbonyl absorptivity. The intensity of the carbonyl peak is 

obtained for each of the dilutions, compared to the Beer-Lambert Plot to determine the concentration, and 

then this concentration is multiplied by the dilution factor to determine the solubility limit. The P3HT 

solubility limit in chlorobenzene was obtained by following a similar procedure except with the use of a 
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Thermo Scientific Evolution 300 UV-vis spectrophotometer and monitoring the intensity of the 457 nm 

peak. 

Results and Discussion:

The effects of blend composition of P3HT:dPMMA (5:95, 10:90, 15:85, or 20:80), dPMMA 

molecular weight (20,000 g/mol, 131,500 g/mol, 316,000 g/mol, or 520,000 g/mol) and casting speed 

(209.4 rad/s, 104.7 rad/s, or 52.4 rad/s) on thin film vertical structure were examined via neutron reflectivity. 

Neutron reflectivity provides a normalized reflection profile as a function of incident wave vector, Q. The 

neutron reflectivity data was fit using IGOR and Motofit software packages using a multi-layer model. The 

analysis provides a scattering length density (SLD) depth profile with the restraint that the SLD depth 

profile must adhere within 5% to the known composition of the sample. The SLD depth profile from each 

sample was transformed into a P3HT volume fraction as a function of the normalized thickness, where 0 

denotes the air interface to 1 denotes the SiO2 interface. The normalization of thickness allows a more direct 

comparison among the films formed from all casting speeds and polymer molecular weights. The 

transformation into the P3HT volume fraction transpires by employing Equation 2: 

                                               Eq. (2)
𝑆𝐿𝐷𝑙𝑎𝑦𝑒𝑟(𝑧) ― 𝑆𝐿𝐷𝑑𝑃𝑀𝑀𝐴

𝑆𝐿𝐷𝑑𝑃𝑀𝑀𝐴 ― 𝑆𝐿𝐷𝑃3𝐻𝑇
=  𝜙𝑃3𝐻𝑇(𝑧)

where SLDlayer(z) is the SLD of the sample at depth z, and φP3HT(z) is the volume fraction of P3HT at depth 

z. The SLDs of P3HT and dPMMA were calculated from the NCNR SLD calculator. The SLD values used 

throughout these experiments are 0.7x10-6 Å-2 and a range of 6.7x10-6Å-2–7.1x10-6 Å-2 for P3HT and the 

range of molecular weights of dPMMA, respectively. 

The P3HT volume fraction depth profiles can be utilized to determine the quantitative measure of 

the extent of stratification of each sample. The extent of stratification is determined by employing a 

previously described method.28 In this method, the extent of stratification of a two-component system is 

compared to two theoretical limits: a homogenous (0%, non-stratified) thin film and a completely stratified 

(100%, two independently pure layers) thin film. The extent of stratification value obtained by this analysis 

quantifies the extent of vertical phase separation of the two components. For example, a thin film sample 
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containing a 50/50 blend of two polymers is defined as stratified if any sub-layer contains more than 50% 

of either polymer. A sub-layer is defined as any thickness within the thin film smaller than the total 

thickness of the film where the sum of all the sub-layers equals the total film thickness. 

Our previous studies of the stratification in spin-coated films investigated the impact of PMMA 

molecular weight at a single spin speed (104.7 rad/s, Figure 1a) as well as the impact of casting speed at a 

single PMMA molecular weight (131,500 g/mol, Figure 1b) on the layered structure of the fabricated 

P3HT/dPMMA films. These results show that as the dPMMA molecular weight decreased, a decrease of 

extent of stratification was observed for all blend compositions prepared at 104.7 rad/s. In addition, as the 

P3HT concentration in the blend increased, the extent of stratification increased regardless of the molecular 

weight of dPMMA or casting speed used in the preparation of the sample. Moreover, the casting speed did 

not alter the variation in stratification of samples formed from high or low loadings of P3HT in the blend, 

yet a sample cast with a slower casting speed resulted in a larger extent of stratification relative to the same 

sample prepared at faster casting speeds.28

a)
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Figure 1a and 1b. a) A previously reported plot of extent of stratification as a function of dPMMA 
molecular weight and blend composition 5:95 (stars), 10:90 (circles), 15:85 (crosses), and 20:80 (triangles) 
all prepared at 104.7 rad/s. b) Plot of extent of stratification as a function of spin cast speed, and blend 
composition 5:95 (stars), 10:90 (circles), 15:85 (crosses), and 20:80 (triangles) all prepared with 131,500 
g/mol dPMMA.

The previous study examined each parameter independently and cannot speak to their relative 

importance on stratification. To more accurately define the relative importance of these factors in 

determining the extent of stratification in spin cast polymer blend thin films, we have expanded our studies 

to investigate thin films consisting of P3HT:dPMMA blends (5:95, 10:90, 15:85, 20:80), with one of three 

dPMMA molecular weights (20,000 g/mol, 316,000 g/mol, 520,000 g/mol), prepared at one of three casting 

speeds (209.4 rad/s, 104.7 rad/s, 52.4 rad/s). The impact of molecular weight and P3HT concentration at 

each casting speed will be discussed first and then the impact of molecular weight over the range of casting 

speeds is discussed. It is important to note that all of the samples investigated in this manuscript and the 

respective discussions are as-cast films and none of these samples have been annealed in any way. 

209.4 rad/s Casting Speed Preparation

b)
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dPMMA Molecular Weight

Figure 2 plots the extent of stratification of the fabricated films as a function of dPMMA molecular 

weight for samples containing four different blend compositions all cast at 209.4 rad/s. The samples 

consisting of blend compositions of P3HT:dPMMA 10:90, 15:85, and 20:80 prepared at 209.4 rad/s elicit 

a decrease in extent of stratification as the molecular weight of dPMMA decreases, although the impact of 

molecular weight on stratification is minimal relative to the samples prepared at 104.7 rad/s. This change 

may be attributed to the film formation time, where the samples prepared at 209.4 rad/s have a shorter film 

formation time than those made at 104.7 rad/s.28 We attributed the stratification of the samples prepared at 

104.7 rad/s to the entropic surface segregation of the smaller P3HT chains (i.e. an entropic phase separation) 

during the slightly longer film formation time. Due to the shorter film formation time of the 209.4 rad/s 

samples, we believe that there is not ample time for the smaller P3HT chains to stratify in the spin casting 

process. Since chain end concentration correlates to the amount of entropy in the system, our results indicate 

that entropy plays a reduced role in the final film structure when samples are prepared at 209.4 rad/s, relative 

to when samples are prepared at 104.7 rad/s. However, the extents of stratification for all P3HT:20,000 

g/mol dPMMA blends are significantly reduced relative to the blends containing larger molecular weight 

dPMMA. P3HT (~ 20,000 g/mol) and 20,000 g/mol dPMMA have similar molecular weights. Considering 

each polymer contributes a similar amount of entropy to the system, the entropic contribution would not 

drive de-mixing of the two polymers. Therefore, entropy plays a reduced role in driving stratification when 

samples are prepared at 209.4 rad/s relative to slower casting speeds. 

It is interesting to note that the samples consisting of P3HT:dPMMA 5:95 show an increase in 

extent of stratification as a function of decreased dPMMA molecular weight from 520,000 g/mol to 131,500 

g/mol rather than a decrease as seen with the other blend compositions. This trend will be discussed in more 

detail in another part of the text. 
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Figure 2. Plot of extent of stratification as a function of dPMMA molecular weight, and blend composition 
5:95 (stars), 10:90 (circles), 15:85 (crosses), and 20:80 (triangles) all prepared at 209.4 rad/s.

P3HT Concentration

At 209.4 rad/s, the extent of stratification increases as the P3HT concentration increases in the 

blend for all dPMMA molecular weights, except the smallest dPMMA chains (20,000 g/mol) (Figure 2). 

The samples prepared with 20,000 g/mol dPMMA do not show a trend as a function of blend composition. 

The 5:95, 10:90, and 15:85 blends result in the similar extents of stratification, while the 20:80 blend has a 

reduced extent of stratification. Despite this result, the increase in extent of stratification for less P3HT 

concentrated blends is very minimal when compared to the impact P3HT concentration has in larger 

dPMMA molecular weight blends prepared at 209.4 rad/s as demonstrated in the supplementary 

information. 

The P3HT volume fraction depth profiles (PVFDP) are used throughout this analysis as qualitative 

guides of the stratification and are obtained by transforming the scattering length density profiles derived 

from the neutron reflectivity multi-layer fits. The PVFDP provide crucial insight into the stratification 

patterns and must be examined and considered to inform our understanding of the extent of stratification 
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patterns, especially when the observed trends are non-trivial. The PVFDP of the samples prepared with 

20,000 g/mol dPMMA at 209.4 rad/s are shown in Figure 3 which exhibits constant P3HT concentration 

throughout the entire thickness of the film for all blend compositions. Our previous work ascribes the 

increase in extent of stratification observed with P3HT concentration to the phase separation of the dPMMA 

and P3HT due to repulsive interactions between the two polymers. These repulsive interactions are 

consistent with a decrease in miscibility of the blend with increased loading of the P3HT, and the observed 

increase in stratification with P3HT concentration at the highest dPMMA molecular weights. We attribute 

the limited stratification of the P3HT (MW ~ 20,000 g/mol) and low molecular weight dPMMA (20,000 

g/mol) films prepared at 209.4 rad/s to an increase in P3HT and dPMMA miscibility relative to the blends 

that contain the larger molecular weight dPMMA (131,500 g/mol, 316,000 g/mol, 520,000 g/mol). 29,30 

The lack of stratification in the 20,000 g/mol dPMMA samples prepared at 209.4 rad/s is also 

consistent with the lack of an entropic driving force for the smaller polymer to segregate to the surface as 

both polymers in this blend have very similar chain lengths. This result indicates that the molecular weight 

dependence of the blend miscibility regulates the impact of the P3HT concentration on the extent of 

stratification. For example, the extent of stratification for blends with 20,000 g/mol dPMMA is not strongly 

dependent on the P3HT concentration, while the extent of stratification for samples with the larger dPMMA 

molecular weights vary significantly with P3HT concentration. Therefore, the difference in molecular 

weight between P3HT and dPMMA is required in order for the enthalpic/surface energy/blend miscibility 

driving forces to regulate the extent of stratification of the final film. 
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Figure 3. Plot of P3HT Volume Fraction Depth Profile for samples prepared with 20,000 g/mol at 209.4 
rad/s as a function of blend composition 5:95 (solid black), 10:90 (solid grey), 15:85 (dashed black), and 
20:80 (dashed grey).

52.4 rad/s Casting Speed 

To understand the impact of blend composition and molecular weight on the extent of stratification 

at the slowest film formation time, all dPMMA molecular weights and blend compositions were prepared 

at 52.4 rad/s. The extents of stratification of these samples are plotted as a function of the dPMMA 

molecular weight in Figure 4. The impact of dPMMA molecular weight on the extent of stratification for 

samples prepared at 52.4 rad/s is less clear relative to the impact of dPMMA molecular weight for samples 

prepared at the two faster casting speeds. The stratification of the blend composition of 5:95 increased 

steadily with the dPMMA molecular weight, while the other compositions exhibit an increase in extent of 

stratification at low dPMMA molecular weight but remain constant or decrease for the two largest dPMMA 

molecular weights. 

The impact of P3HT concentration on the extent of stratification is slightly clearer than the impact 

of molecular weight for the samples prepared at 52.4 rad/s. Nonetheless, the impact of P3HT concentration 

on the extent of stratification is not trivial for the polymer blend films prepared at 52.4 rad/s. As P3HT 

concentration increases in the blend, the extent of stratification increases for samples prepared with either 
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20,000 g/mol and 131,000 g/mol dPMMA molecular weights, but the behavior of the samples prepared 

with 316,000 g/mol and 520,000 g/mol dPMMA are more complex. Investigating the stratification of the 

316,000 g/mol and 520,000 g/mol dPMMA samples prepared at 52.4 rad/s independently may aid in 

elucidating the driving forces that guide extent of stratification when these samples are prepared at this 

casting speed. The extent of stratification as a function of casting speed for dPMMA molecular weights of 

316,000 g/mol (Figure 5) is discussed first, followed by the discussion of the 520,000 g/mol (Figure 8) and 

20,000 g/mol (Figure 10) samples. The extent of stratification for samples containing 131,500 g/mol 

dPMMA as a function of casting speed can be referenced in Figure 1b. 

Figure 4. Plot of extent of stratification as a function of dPMMA molecular weight, and blend 
composition 5:95 (stars), 10:90 (circles), 15:85 (crosses), and 20:80 (triangles) all prepared at 52.4 rad/s.

316,000 g/mol dPMMA 

All P3HT:316k dPMMA samples, displayed in Figure 5, show an increase in extent of stratification 

as a function of decreased casting speed except for the sample prepared with a blend ratio of 20:80. The 

20:80 films experience the largest extent of stratification when prepared at 104.7 rad/s, while all the other 
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blend compositions result in the largest extents of stratification when prepared at the slowest casting speed, 

52.4 rad/s. Regardless of blend composition, decreasing the casting speed from 209.4 to 104.7 rad/s results 

in an increase in extent of stratification, where the difference in extent of stratification between samples 

prepared at 104.7 rad/s and 209.4 rad/s is quite large. The increase in the extent of stratification in the films 

when decreasing the casting speed from 104.7 rad/s to 52.4 rad/s results in smaller, if any, increases for all 

the blend compositions except for the 20:80 blend. Apart from the differences in extent of stratification 

observed at each casting speed, all blend compositions exhibit a correlation to the concentration of P3HT 

in the blend, where an increase in P3HT concentration results in an increase in the extent of stratification. 

The only discrepancy from this trend is the extent of stratification observed for the 20:80 sample prepared 

at 52.4 rad/s. 

Figure 5. Plot of extent of stratification as a function of spin cast speed, and blend composition 5:95 
(stars), 10:90 (circles), 15:85 (crosses), and 20:80 (triangles) all prepared with 316,000 g/mol dPMMA.

In the blend thin films that contain 316,000 g/mol molecular weight dPMMA, the extent of 

stratification does not clearly correlate to the P3HT concentration in the blend. The blend compositions that 
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exhibit the smallest extent of stratification are the 5:95 and 10:90 samples (~50%) followed by the 20:80 

film (66%) and finally, 15:85 (73%). To understand this non-linear behavior, unlike the stratification of the 

samples that contain 20,000 g/mol and 132,000 g/mol dPMMA, the PVFDP of these films must be inspected 

(Figure 6).

Inspection of Figure 6 shows that the blends composed of 5:95 and 10:90 have P3HT rich layers at 

the air interface, while the 15:85 and 20:80 blends have P3HT rich layers at both interfaces. The blend 

containing 15:85 P3HT:316,000 g/mol dPMMA has a thin layer of nearly pure P3HT at the air interface, 

while the P3HT in the layer at the silicon interface is not the majority component. The blend containing 

20:80, on the other hand, has a highly concentrated P3HT layer at the silicon surface, while the P3HT layer 

at the air interface contains a lower concentration of P3HT.

Figure 6. Plot of P3HT Volume Fraction Depth Profile for samples prepared with 316,000 g/mol at 52.4 
rad/s as a function of blend composition 5:95 (solid black), 10:90 (solid grey), 15:85 (dashed black), and 
20:80 (dashed grey).

A P3HT rich layer forming at the Si interface is unexpected based on the thermodynamic properties 

of the film, including the entropic driving forces and surface energy. The surface energy and molecular 

weight of P3HT is much lower than that of dPMMA in these blends. If the surface energy was the dominant 

driving force responsible for stratification, P3HT would segregate to the air interface. Additional driving 
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forces for stratification must be considered to explain the P3HT rich layer at the Si surface when this blend 

of P3HT:dPMMA is prepared at 52.4 rad/s. 

As the casting speed is decreased during film fabrication, the film formation time increases due to 

slower solvent evaporation times. As solvent evaporates, the concentration of solids dissolved in solvent 

increases until the final film formation. At a certain point in the solvent evaporation process, the solubility 

limit of a polymer is reached, and the polymer precipitates. At fast casting speeds, the precipitation of the 

polymer and the final film formation appear to occur nearly simultaneously, and the solubility limit of the 

polymer does not appear to impact the film structure. However, as the casting speed decreases, the amount 

of time between the precipitation of the polymer and the final film formation increases. Since we only 

observe P3HT formation at the Si surface at the slowest casting speed, it seems reasonable that the relative 

solubility limits need to be considered for these slow casting speeds. 

The solubility for all the polymers in the casting solvent (chlorobenzene) used in this study were 

experimentally determined and are plotted in Figure 7. The solubility limit of P3HT in chlorobenzene (16 

mg/mL) is three orders of magnitude less than the solubility of all the dPMMA samples in chlorobenzene 

(10-32 g/mL depending on molecular weight). It is important to note that the solubility of each polymer is 

well above the solution concentrations used to cast the thin films and prior to spin casting, i.e. both polymers 

are fully dissolved in chlorobenzene in the pre-casting solution. Despite this fact, spin casting drives solvent 

evaporation, leading to an increase solid concentration during spin coating, where the polymer 

concentration crosses the solubility limit of each polymer during deposition. Since P3HT is less soluble in 

chlorobenzene, P3HT reaches its solubility limit first. We therefore attribute the formation of P3HT rich 

layers at the Si interface for samples containing P3HT:dPMMA 15:85 and 20:80 to the large differences in 

the solubility limits of dPMMA and P3HT in chlorobenzene. During the casting process and solvent 

evaporation, P3HT reaches its solubility limit prior to dPMMA. Once the solubility limit is reached, P3HT 

precipitates from solution, and forms a layer of P3HT at the silicon surface. This interpretation is consistent 

with the fact that the P3HT rich layer at the Si surface transpires for samples with higher concentrations of 

P3HT. These blends reach the solubility limit more quickly than the lower concentration blends at the same 
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casting speed. The precipitation of P3HT initiates a phase separation for the otherwise miscible blend 

solutions resulting in the P3HT rich layer found at the Si interface for the blends with higher P3HT 

concentration. This precipitation results in increased extents of stratification relative to the blends 

containing a lower P3HT concentration.

Figure 7. Solubility of the polymers utilized in this study in chlorobenzene.

Additionally, the formation of a thin P3HT layer at the silicon substrate masks the surface energy 

of the substrate (becoming similar to P3HT) leading to a drastic increase in the apparent surface energy of 

the substrate. This change in substrate surface energy further drives P3HT towards the Si surface, in addition 

to the otherwise preferred air interface. The simultaneous driving forces that sequester the P3HT to both air 

and silicon interfaces results in smaller extents of stratification for samples prepared at 52.4 rad/s when the 

solubility limit is reached prior to final film formation. 

520,000 g/mol dPMMA
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Samples containing P3HT:520,000 g/mol dPMMA (Figure 8) prepared at 104.7 rad/s and 209.4 

rad/s exhibit an increase in extent of stratification as a function of increasing P3HT concentration in the 

blend. However, an increase in P3HT concentration for samples prepared at 52.4 rad/s does not result in an 

increase in extent of stratification. In fact, the extent of stratification decreases for samples prepared at 52.4 

rad/s relative to samples prepared at 104.7 rad/s for all blend compositions except the samples prepared 

with P3HT:dPMMA 5:95. Additionally, the previously determined impact of casting speed on extent of 

stratification (decrease in casting speed results in an increase in extent of stratification) is only observed for 

the samples prepared with 5:95 blend compositions. However, the extent of stratification does increase as 

the casting speed decreases from 209.4 rad/s to 104.7 rad/s for all the blend compositions, but when the 

samples are prepared at 52.4 rad/s, a further increase in extent of stratification is not observed for blend 

compositions of 10:90, 15:85, and 20:80.

Figure 8. Plot of extent of stratification as a function of spin cast speed, and blend composition 5:95 
(stars), 10:90 (circles), 15:85 (crosses), and 20:80 (triangles) all prepared with 520,000 g/mol dPMMA.

To utilize the same analysis process as above, the PVFDP of the thin film blends that include 

520,000 g/mol dPMMA prepared at 52.4 rad/s are provided in Figure 9. Unlike the samples prepared with 
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316,000 g/mol dPMMA, the blend composition resulting in the largest extent of stratification is 5:95 (75%) 

followed by 20:80 and 10:90 having almost the same extent of stratification (51%) and finally, 15:85 has 

the lowest extent of stratification (35%). 

Figure 9. Plot of P3HT Volume Fraction Depth Profile for samples prepared with 520,000 g/mol at 52.4 
rad/s as a function of blend composition 5:95 (solid black), 10:90 (solid grey), 15:85 (dashed black), and 
20:80 (dashed grey).

The P3HT rich layer organizes at the air interface for the sample containing 5:95 and it is the only 

sample with this structure. The blend composition of 20:80 is comprised of a P3HT rich layer at the air 

interface, as well as at the silicon substrate. The 20:80 sample is the only sample where a P3HT rich layer 

is found at the Si substrate. The middle two blend compositions (10:90 and 15:85) exhibit similar 

stratification patterns to one another where the P3HT rich layer seems to broaden into the middle bulk of 

the film. The P3HT layer accumulating at the silicon substrate is explained by the premature precipitation 

of P3HT occurring prior to film formation, yet the reason that the P3HT extends into the bulk of the film is 

less understood. This middle layer is found in the top half of the film closest to the air interface, consistent 

with the stratification of P3HT towards the air interface. As mentioned above, the precipitation of P3HT 

during the deposition process appears to be an important process in the development of the stratification of 

slowly formed blend films. In this process, the precipitated P3HT must also diffuse though the solvated 

dPMMA to reach the silicon substrate. The rate at which P3HT diffuses through solvated dPMMA is 
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dictated by the size of the dPMMA chains, where the diffusion of the P3HT chains through a larger dPMMA 

matrix will be slower than its diffusion through a smaller matrix.

The slower diffusion of P3HT through the 520,000 dPMMA matrix manifests as the broadening of 

the P3HT concentration profile in the middle of the film rather than at the silicon surface. Additionally, the 

inability of P3HT to phase separate from dPMMA leads to a decrease in the extent of stratification for the 

higher concentration P3HTR samples. The coupling of this precipitation to the entropic and enthalpic 

driving forces for stratification results in a complex process that is difficult to control for the high chain 

length dPMMA samples. However, these results do reveal the importance of considering the solubility 

limits of the polymers in the pre-deposition solvent, especially when the polymer with the lower solubility 

limit is the polymer with the smallest surface energy. 

20,000 g/mol dPMMA

The solubility limits of P3HT interfered with the extent of stratification as a function of casting 

speed trends for samples prepared with 316,000 g/mol and 520,000 g/mol dPMMA at slow casting speeds, 

while at fast casting speeds, the improved miscibility of 20,000 g/mol P3HT and 20,000 g/mol dPMMA 

inhibited stratification as well. To complete this study, the extent of stratification of the 20,000 g/mol 

dPMMA blend as a function of casting speed is also analyzed and is shown in Figure 10. 

The samples prepared with blend compositions of P3HT:20,000 g/mol dPMMA 5:95 result in an 

increase in extent of stratification as casting speed increases. (Figure 10) The blend composition of 10:90 

results in a relatively constant extent of stratification around 35%, for the slowest casting speeds, but when 

prepared at the fastest casting speed, a reduction in the extent of stratification occurs. The samples prepared 

with blend compositions of 15:85 and 20:80 result in a drastic increase in extent of stratification when the 

casting speed is decreased from 209.4 rad/s to 104.7 rad/s. The blend composition of 20:80 does not 

experience a change in the extent of stratification as the casting speed is decreased from 104.7 rad/s to 52.4 

rad/s, yet the blend composition of 15:85 experiences a decrease in extent of stratification when changing 

the casting speed from 104.7 rad/s to 52.4 rad/s. The 15:85 blend composition obtains the largest extent of 

stratification (60%) occurring when prepared at 104.7 rad/s, approximately 20% larger than the extent of 
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stratification for this sample prepared at 52.4 rad/s. For the samples containing 20,000 g/mol dPMMA, the 

influence of P3HT concentration in the blend is dependent on the casting speed. When samples are prepared 

at 52.4 rad/s or 104.7 rad/s, an increase in P3HT concentration leads to an increase in extent of stratification. 

Contrarily, when samples are prepared at 209.4 rad/s, the impact of P3HT concentration on the extent of 

stratification is unclear.

Figure 10. Plot of extent of stratification as a function of spin cast speed, and blend composition 5:95 
(stars), 10:90 (circles), 15:85 (crosses), and 20:80 (triangles) all prepared with 20,000 g/mol dPMMA.

To understand these trends, the PVFDP are analyzed. The PVFDP for samples containing 20,000 

g/mol dPMMA prepared at 209.4 rad/s are shown in Figure 3 and the PVFDP for the same samples prepared 

at 52.4 rad/s and 104.7 rad/s are displayed in Figures 11a and 11b. In the depth profiles for samples prepared 

at the slowest spin speed, 52.4 rad/s, P3HT rich layers are found near the air interface that extend into the 

middle of the film for the 5:95 and 10:90 blend compositions. The 15:85 and 20:80 blend compositions 

form a P3HT rich layer at the silicon interface. It is interesting that even though the P3HT rich layers do 

not form at the same air or silicon interface, the extents of stratification for each of these blend compositions 

appears to increase with the concentration of P3HT in the blend. This result emphasizes that only looking 
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at the extent of stratification for a specific sample does not describe the stratification completely. The P3HT 

layers formed at the silicon substrate for the highest blend compositions are ascribed to the precipitation of 

P3HT prior to film formation. The extent of stratification is largest for the samples cast at 104.7 rad/s, rather 

than the samples cast with the slowest casting speed. The precipitation of P3HT competes with the entropic 

and surface energy factors driving P3HT to the air interface for samples cast at the slowest casting speeds 

and although the extent of stratification is larger for films formed at slightly higher speeds, the precipitation 

may also play a role in the stratification of films formed at slightly faster spin speeds as well. For samples 

with 20,000 g/mol prepared at 104.7 rad/s (Figure 11b), the P3HT layers are only found at the air interface 

but show either two P3HT rich layers with varying concentrations, or a P3HT rich layer with broad interface 

(gradual change in concentration) into the PMMA rich layer for the 10:90, 15:85, and 20:80 blends. This is 

consistent with the segregation of the P3HT to the air interface, combined with the precipitation of P3HT 

during film formation, but the impact of this precipitation is less apparent than the samples prepared at a 

slower casting speed and longer film formation time. The precipitation of P3HT competes with the forces 

responsible for driving P3HT to the air interface which may decrease the extent of stratification measured 

for these samples. 

Figure 11. Plots of P3HT Volume Fraction Depth Profiles for samples prepared with 20,000 g/mol at a) 
52.4 rad/s and b) 104.7 rad/s as a function of blend composition 5:95 (solid black), 10:90 (solid grey), 
15:85 (dashed black), and 20:80 (dashed grey).

a) b)
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131,500 g/mol dPMMA

The highly concentrated P3HT blend compositions prepared with 20,000 g/mol, 316,000 g/mol, 

and 520,000 g/mol dPMMA exhibit P3HT precipitation when prepared at the slowest casting speed, 52.4 

rad/s. Figure 12 compares the PVFDP of samples consisting of 131,500 g/mol dPMMA prepared at 52.4 

rad/s. Regardless of blend composition, all samples stratify to form P3HT rich layers at the air interface. 

As with the 20,000 g/mol samples prepared at 104.7 rad/s, the P3HT rich layers at the air interface show 

two to three distinct P3HT rich layers each with different P3HT concentrations. This is consistent with 

P3HT precipitation where its segregation to the Si surface is attenuated by other driving forces (i.e. lower 

surface energy and smaller molecular weight) that pull P3HT to the air interface. The fact that the 131,500 

dPMMA is a longer chain than the P3HT in this samples means that there is a larger entropic driving force 

for the P3HT to go to the air surface than in the 20,000 dPMMA samples. This larger entropic driving force 

competes with the segregation of the P3HT to the Si surface that is driven by the P3HT precipitation, where 

this competition results in a layering of the P3HT in the film, but no segregation at the Si surface.

Since the entropic driving force for P3HT to stratify at the air interface increases with larger 

molecular weight dPMMA, the influence of the P3HT solubility limit on the stratification therefore 

decreases with increasing dPMMA chain length. These results indicate that the entropic driving forces and 

the influence of the P3HT solubility compete in the stratification process, and to control the stratification 

of polymer blends, these two driving forces must be understood and controlled when films are prepared at 

slow casting speeds and long film formation times.
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Figure 12. Plot of P3HT Volume Fraction Depth Profile for samples prepared with 131,500 g/mol at 52.4 
rad/s as a function of blend composition 5:95 (solid black), 10:90 (solid grey), 15:85 (dashed black), and 
20:80 (dashed grey).

Conclusion

Polymer blend thin film depth profiles were obtained through neutron reflectivity experiments of 

spin cast P3HT/dPMMA blend thin films. The results presented in this paper indicate a hierarchy of driving 

forces that control the film vertical profile, where there appears to be a coupling of the thermodynamic and 

kinetic factors that influence film morphology. At high spin rates and thus films that are formed very 

quickly, the immiscibility of the blend is the dominant driving force in the stratification of the polymer 

blend. More specifically, the stratification of the components is driven by the relative surface energies of 

the polymers in the blend. As the casting speed decreases and film formation time increases, the 

immiscibility and surface energy contrast between the two polymers still drives the vertical stratification, 

but entropic driving forces, which are related to the relative molecular weight of the two polymers, become 

important in the stratification process. This competition of multiple factors manifests the most at the slowest 

casting speed and longest film formation times, where the polymer-polymer miscibility, relative surface 

energies, and entropy of the two polymers in the thin film simultaneously dictate the extent of stratification. 

Moreover, at these longer film formation times, the solubility limits of the two polymers in the pre-
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deposition solvent also play a role in the final film structure. As the casting speed is decreased, the time 

between precipitation of the solid polymers from solution and the film completion increases. Once a 

polymer has reached its solubility limit during the casting process, further stratification of that polymer is 

now impeded. 

The entirety of these results indicate that the dominant thermodynamic driving force driving the 

stratification of P3HT:dPMMA thin films is the immiscibility of the polymer blend. Yet by intelligently 

altering the kinetics and balancing the thermodynamic properties controlled by the polymer blend 

composition and polymer molecular weight, the extent of stratification and depth profiles can be tailored. 

Although these results isolate the relative importance of individual thermodynamic parameters, the results 

reported here provide insight into the kinetic factors that couple to the important thermodynamic properties 

(entropy, enthalpy, solubility, miscibility) and impact the stratification of a polymer blend.

In these studies, the least amount of stratification was observed when the two polymers were the 

most miscible, which occurs for the blend containing the two smallest molecular weights. According to the 

results in this manuscript, to maximize the amount of stratification of a sample, as well as acquire a sharp 

interface between the stratified layers, the surface energy difference and variation in quantity of chain ends 

between the polymers should be maximized. However, it should be noted that for these P3HT:PMMA 

blends, the P3HT always has the lowest molecular weight and smallest surface energy. The conclusions 

outlined in this paper may be applied to other systems where the lowest molecular weight polymer also has 

the smallest surface energy because these thermodynamic properties drive the polymer to the air interface. 

Additional experiments are required to understand the balance between surface energy and entropic driving 

forces in stratification of polymer blends where the lowest surface energy polymer has a significantly higher 

molecular weight.

Although these results monitored the behavior of P3HT:dPMMA, polymer blends that are suitable 

for organic transistors where a sharp interface is desirable, these results also provide a fundamental 

understanding of the coupling of thermodynamic and kinetic factors in the film formation process to create 

a less stratified film, for instance if a blend thin film that were to be used in bulk heterojunction devices. 
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Moreover, this fundamental understanding provides insight that can be used to rationally design one step 

solution processing protocols of a multitude of polymer blends where the targeted stratification for the 

application is known. 
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