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Abstract
	Interactions between polymers and surfaces can be used to influence properties including mechanical performance in nanocomposites, the glass transition temperature, and the orientation of thin film block copolymers (BCPs). In this work we investigate how specific interactions between the substrate and BCPs with varying substrate affinity impact the interfacial width between polymer components. The interface width is generally assumed to be a function of the BCP properties and independent of the surface affinity or substrate proximity. Using resonant soft X-ray reflectivity the optical constants of the film can be controlled by changing the incident energy, thereby varying the depth sensitivity of the measurement. Resonant soft X-ray reflectivity measurements were conducted on films of polystyrene-b-poly(2-vinyl pyridine) (PS-b-P2VP) and PS-b-poly(methyl methacrylate) (PS-b-PMMA), where the thickness of the film was varied from half the periodicity (Lo) of the BCP to 5.5 Lo. The results of this measurement on the PS-b-P2VP films show a significant expansion of the interface width immediately adjacent to the surface. This is likely caused by the strong adsorption of P2VP to the substrate, which constrains the mobility of the junction points, preventing them from reaching their equilibrium distribution and expanding the observed interface width. The interface width decays towards equilibrium moving away from the substrate, with the decay rate being a function of film thickness below a critical limit. The PMMA block appears to be more mobile, and the BCP interfaces near the substrate match their equilibrium value. 
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Introduction
Polymer-substrate interactions can be used to tune the local polymer structure and dynamics with the ultimate goal of tailoring properties in composites and thin films. In polymer nanocomposites the relationships between polymer-substrate interactions and the resulting changes in morphological,1–5 mechanical,6–8 optical9–11 and thermal12–16 properties have been extensively investigated. Thin polymer films offer a useful model system for understanding how the specific interactions at the interface propagate into the film and impact material properties.17,18 In addition to studies on homopolymers, thin films of block copolymers (BCPs) have been the subject of considerable investigation due to their promise in facilitating nanomanufacturing and the design of custom membranes.19,20 Much of the focus has been on understanding how to control BCP orientation21,22 and on how the proximity to a surface impacts the local morphology.23,24 Studies on the structure and interface width of well-ordered lamellar BCP thin films generally assume that the interface width is the same regardless of the proximity to the substrate. This is in part due to the challenges in differentiating multiple buried interfaces with hard X-ray or neutron reflectivity. To better understand the relationship between polymer-substrate interactions and the structure of BCPs in thin films a series of BCP multilayers with varying film thickness, molecular mass, and substrate affinity were prepared and studied using resonant soft X-ray reflectivity (RSoXR).25–27 By varying the X-ray energy the absorbance in the film can be varied, influencing the depth sensitivity of the measurement. The results show that polymer-substrate interactions can significantly alter the interface width and that this effect is not limited to the BCP interface adjacent to the substrate, but that it can propagate several layers into the film. 
The promise of utilizing thin film BCPs as a nanofabrication tool has promoted research into understanding how to control their orientation and the impact that confinement effects have on the structure and thermodynamics. Surfaces with preferential affinity for one component in a BCP can result in enhanced segregation strength near that surface. There have been several examples of this effect, where BCPs which are disordered in the bulk exhibit local order when confined.23,28–30 The BCP component with the higher affinity for a given interface preferentially segregates to the surface and enhances the local concentration of that component. This phase segregation drives local ordering where the order decays exponentially into the film until the completely disordered state is recovered. The relative affinity of the interface for the preferred block dictates whether the system is completely phase segregated at the substrate, as in the case for a well ordered bulk morphology, or if a mixed phase persists.23 The same type of polymer-substrate interaction can manifest as a change in the order-disorder transition temperature (ODT) for well-ordered BCPs, where assembly on a film with a preferential substrate can result in an increase in the ODT below a critical film thickness.31,32 Tuning the strength of the polymer substrate interaction shifts the length scales over which the order persists. A BCP on a non-preferential substrate (typically a neutral polymer brush) can produce the opposite behavior by reducing the ODT near the substrate, which acts as a compatibilizer.33 This has direct implications for nanofabrication processes such as directed self-assembly (DSA), where a neutral brush is frequently used as part of a chemical template resulting in variation in fluctuation effects on the assembled lamellae as function of distance from the substrate.34 Most substrates will be preferential for one of the components in a BCP, and as a result lamellar BCPs will typically assemble with the lamellae oriented parallel to the substrate. At thicknesses incommensurate with the BCP periodicity (Lo) surface topography will form to alleviate residual stresses in the film. In the case of BCPs under asymmetric wetting conditions (one polymer has a stronger interaction with the substrate and the other prefers the air interface) perfect assembly will occur when the film thickness matches half integer periodicities (i.e., 0.5Lo, 1.5 Lo, etc). In the case of symmetric wetting (one polymer is preferential for both the bottom and top interface) the optimal condition for lamellar assembly will be thicknesses equivalent to full integer periodicities (i.e., 1 Lo, 2 Lo, etc). When the thickness deviates from the optimal thickness in either case island or hole formation will occur.21,35 
BCP-substrate interactions are generally framed in terms of surface energies, and as a result polymer adsorption is not always explicitly considered when studying BCP thin films, especially in comparison to homopolymers, where it is a classic problem.36 Applications such as chromatography have driven research into adsorption from solution for several decades and more recently the problem of adsorption from the melt has acquired more interest. The current model suggests that adsorption from a melt results in surface layer that can be divided into two regions, an irreversibly absorbed layer on the order of (2 to 3) nm thick, and a much thicker loosely adsorbed layer where the thickness is proportional to the polymer radius of gyration.37 The thickness of both layers will increase as a function of annealing time until an equilibrium is reached. The segments of the polymer chain attached to the substrate can be described as either trains (sequences of adsorbed segments), loops (sequences of free segments between two adsorbed points) and tails (free chain ends). Molecular mass plays a role in the formation and structure of the adsorbed layer. Longer chains are composed of a larger fraction of loops, while shorter chains will have higher fractions of trains.38 This difference in the packing conformation leads to denser packing of the lower molecular mass chains at the substrate.39 
BCP interfaces widths have been subject of both experimental and theoretical investigations. In the strong segregation limit the interface width has been predicted to be inversely proportional to the Flory-Huggins interaction parameter (χ) according to Equation 1 (where a is typically treated as the average of the statistical segment length between the two polymers).40 In the weakly segregated regime incomplete phase separation results in very wide interfaces due to the high degree of mixing, although to the best of our knowledge there haven’t been explicit scaling predictions in that region. In the intermediate space between these two limits the scaling depends on the total segregation strength, defined as χN, where N is the total degree of polymerization. When χN > 35 the interface width scales with (χN)-2/3 and when χN < 35 the interface width scales scales with (χN)-3/2, indicating a more rapid intermixing as the order-disorder transition is approached due to the increasing influence of composition fluctuations.41 Due primarily to measurement challenges there have been few reports on the influence of surfaces on the interfaces between polymers, with one of the few examples being the previously mentioned study on surface-induced ordering. Although in that study the magnitude of the interface widths were not directly reported.29 The measured interface width in a reflectivity experiment is a combination of the local distribution of the chemical components across the interface convolved with the capillary wave fluctuations of the interface position over the lateral coherence length of the beam. In a bulk system the magnitude of the capillary fluctuations is a function of the interfacial tension between the two phases (and therefore a function of χ). In thin films, the magnitude of the capillary waves can be suppressed at in the vicinity of a surface due to short range dispersion effects.40 Evidence for capillary wave suppression was produced from a set of neutron reflectivity measurements of homopolymer bilayers with varying thicknesses.42 A simple estimate of the contributions of the dispersion interactions to the interface width can be calculated according to Equations 1-3. The mean squared displacement of the interface due to capillary waves is described by Equation 2 (Δo is the mean squared roughness of the unbroadened interface, σo is the interfacial tension, λc is the coherence length of the beam and represents the upper limit of the observed capillary wave contributions and adis are the contributions from the dispersive interactions). The dependence on the film thickness comes into the equation from the dispersion effects which can be calculated from Equation 4, where A is the Hamaker constant. These bare interface and capillary contributions are combined as shown in Equation 3 to produce the observed interface width in a reflectivity measurement. The dispersion effects are short ranged, and generally result in a meaningful impact for interfaces within 20 nm of so of the air interface. 
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The composition depth profile of thin polymer films is generally characterized by neutron or X-ray reflectivity.28,29,43,44 Recently, RSoXR has emerged as an alternative, where contrast can be controlled by varying the X-ray energy near an atomic absorption edge. The soft X-ray region (approximately 100 eV – 3000 eV) contains absorption edges for carbon (285 eV), nitrogen (400 eV) and oxygen (530 eV), making it ideal for the study of soft matter. Resonant scattering takes advantage of the proximity of the X-ray energy to the energies at which electrons transition between orbitals. These transitions result in changes to the complex refractive index (n=1-δ+iβ, were δ is the real component and β is the imaginary component), where the magnitude of the shift in n is a function of the distance between the incident and transition energy,45–48 the functional group concentration27 and the distribution of functional group orientations.49,50 The specific energy at which an absorption transition occurs depends on the bond chemistry, for example the 1s→π* transition for the aromatic rings in polystyrene (PS) occur at 284.5 eV, while the 1s→π* transition for the carbonyl in poly(methyl methacrylate) (PMMA) occurs at 289 eV. Measurements can be conducted at an energy which provides enhanced contrast between two phases,51 or the contrast can be minimized and interfaces between specific components in the system can be effectively hidden.52 Because the polymers don’t need to be modified for additional contrast enhancement this is an attractive tool for investigating materials where the cost or challenge of synthesizing deuterated analogs can become prohibitive.41,53,54 In addition to the variation in contrast due to composition there have been several examples of soft X-ray reflectivity demonstrating sensitivity to molecular orientation in thin films.55–57 The magnitude of the shift in the optical constants is a function of both the energy and the relative angle between the incident electric field vector and the transition dipole moment of the functional group which is resonant at the incident energy. This gives soft X-rays sensitivity to the orientation of the molecules in a film. There is a long history of using this property to examine molecular orientation near surfaces through near edge X-ray fine structure spectroscopy (NEXAFS).58–60 Measurements of anisotropic thin films have shown significantly different reflectivity profiles for s and p polarized beams, indicating a change in the optical constants with polarization due to anisotropic bond orientations in the film.57 Most recently depth profiling of the orientation of molecular glasses has been demonstrated by simultaneous fitting of s and p polarization at the carbon edge.61
There are two basic assumptions that have gone into building models for fitting reflectivity data from BCP multilayers: (1) the interface widths between all polymer layers are equal and (2) the top and bottom layers are equal to ½ the width of the full thickness of the corresponding component.62 While this has not always been a constraining assumption in the modeling, the thin film interface width has also typically been assumed to be equivalent to the bulk interface width. Using measurement at a single set of optical constants, it will be impossible to evaluate whether assumption 1 is true. Therefore, we will conduct measurements on a sample at multiple energies utilizing changes in the imaginary component of the scattering length density (ρIm) to vary the depth sensitivity of the measurement. This is distinct from contrast variation by changing the real component (ρR) alone (as would be accomplished by deuteration in neutron reflectivity) as that will not vary the depth sensitivity of the measurement. A combination of experimental results and simulations provide evidence that the interface width changes with film depth and that the assumption of uniform interface widths in multilayer films will often be incorrect.
Results and Discussion

The molecular mass and periodicity of all materials used in this study are shown in Table 1. RSoXR measurements were conducted on PS25-b-P2VP25 at a thickness of 5.5 Lo at three different energies. The first measurement was at 275 eV, which is near the carbon edge but has low absorbance and can be considered nearly non-resonant. This is followed by two energies near the near the 1s→π* transition of the nitrogen atom in the pyridine ring (396 eV and 398.5 eV), where ρIm is significantly higher than 275 eV. The results of these measurements are shown in Figure 1A. Figure 1B presents the measurement geometry and model parameters used to fit the data. Initial fits were conducted with the traditional approach which assumed all the interface widths are equal. The interface widths derived from these fits are shown in Figure 1C, which shows how the apparent interface width shifts as a function of ρIm. At 275 eV ρIm is small, and the resulting average interface width is (42.3 ± 2.6) Å. At the energies near the nitrogen edge, ρIm significantly higher, and the best fit for the interface width decreases to (40.2 ± 1.7) Å and (34.4 ± 0.6) Å, at 396 eV and 398.5 eV, respectively. The difference between these results was verified by mapping the change in goodness of fit as a function of interface width for each energy, the results are shown in the supplemental information (SI, Figure S1) and verify that using a single average width for each energy produces different results for the interface width. If the interface width were identical at all positions throughout the film then the fits should result in the same value regardless of energy. The shift with energy/absorbance indicates that the width varies between different positions throughout the film. Given that increasing the absorbance results in a more rapid decay of the electromagnetic field this will coincide with a greater sensitivity to the layers closer to the top surface of the film. As a result, the direction of the shift in interface width with ρIm indicates that the interface width decreases as you move further away from the substrate. Using a model where the interface width decays away from the substrate enables a fit with consistent parameters across all three measured energies. This model consists of a monotonic decay in the interface width away from the substrate until an equilibrium interface width is reached, additional changes in the interface width due to suppression of capillary wave effects are included for the BCP interfaces near the air-polymer interface according to Equations 1-4. The goodness of fit metric (in this case chi-squared) for each of the energies using this monotonic decay model is nearly equal that of the individual fits (shown in the Table S1 in the SI). The ability of this model to fit the three separate measurements nearly as well as the single interface model provides significant evidence that this model represents the behavior of the buried interfaces in the sample.
 
Table 1: BCP Properties
	Sample Name
	Mw (A Block)
Kg/mol
	Mw (B Block)
Kg/mol
	Periodicity (Å)1
	Bulk Interface Width (Å)2

	PS25-b-P2VP25
	25
	25
	257 ± 25
		37.1 ± 2.2

	PS102-b-P2VP97
	102
	97
	607 ± 57
	35.5 ± 1.7

	PS38-b-PMMA38
	38
	38
	260 ± 42
	48.8 ± 2.1


1. Determined from the average of the RSoXR measurements from each sample with a thickness >1Lo. Uncertainties determined from the 95 % confidence interval of the population characterized by the Monte Carlo Markov Chain algorithm. 2. Bulk interface width evaluated from the thickest samples in sections of the film where the width was no longer varying due to surface effects.  
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Figure 1: (A) Results of RSoXR measurements on PS25-b-P2VP25 (thickness = 5.5Lo), colored circles (○) represent the data and solid lines the best fit. The model profiles used to fit the data are shown in the supplementary information (SI, Figure S1). The curves are arbitrarily shifted vertically for clarity. (B) Measurement geometry for specular reflectivity on BCP multilayers and model parameters used to fit the reflectivity data, assuming identical widths at all PS/P2VP interfaces. (C) Average interface width as a function of the average imaginary component. 
It is worthwhile to further explore the impact of changing ρIm on the reflectivity measurement. To better quantify this effect, we simulated reflectivity from a model polymer multilayer with a linear decay in the interface width as a function of distance from the substrate (structure and interface widths are shown in Figure 2A, this model was not selected to accurately reflect the behavior of interface widths in a multilayer, but rather a simple test case). ρIm for both polymers was varied from 0.02x10-6 Å-2 (on the order of hard X-rays/neutrons) to 4x10-6 Å-2 (on the order of the values for PS and P2VP at energies near the nitrogen edge), and for simplicity set to be identical for both materials. The simulated reflectivity from this sample was fit with the uniform interface model, the resulting average interface value as a function of absorbance is shown in Figure 2C. For low absorbances the measured width approaches the non-weighted average of all BCP interfaces in the film, 40.6 Å. When the absorbance increases the measured interface is weighted more heavily towards the interfaces near the top surface, decreasing as ρIm increases. The trend from these simulated results agrees very well with the trend in the experimental results of the average interface width (Figure 1C). The degree of weighting for each energy and interface position was quantified by assuming an exponential decay in the contribution of each interface as a function of distance from the top surface (the magnitude of the electric field will decay exponentially into the film). The decay rate was determined by comparing the weighted average of the interface values with the interface width determined by the uniform model. The contributions from each interface as a function of absorbance is shown in Figure 2B. This result shows that for absorbances corresponding to hard X-rays and neutrons each interface width contributes nearly equally to the observed signal. Values of ρIm ≈ 0.2x10-6 Å-2 are consistent with measurements of organic materials below the carbon absorption edge and are only slightly biased towards the surface interface width. The signal from higher absorbing films becomes increasingly biased towards the top surface, and at 4x10-6 Å-2 80 % of the signal results from the top 3 interfaces. While this result was developed specifically for this model film, the general principle will hold regardless of the details of the sample. The relationship between absorbance and signal will be more complex in samples with large variation in absorbance between components, or in samples without a multilayer structure where the interface width distribution could potentially be less straight-forward. 
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Figure 2: (A) Simulated multilayer model where the interface width gradually decreases away from the substrate. The values of the interface widths in the model were chosen to facilitate the demonstration of the depth profiling effects and do not represent the widths of the actual BCP systems. (B) Relative contribution of each interface to the overall signal as a function of absorbance. (C) Interface width calculated by fitting the simulated reflectivity from the model in part A with a model assuming the same interface width at each position as a function of ρIm. 

Having observed evidence that the interface width varies with film depth we will now examine additional measurements on PS-b-P2VP films with a range of thicknesses to further explore this behavior. RSoXR measurements were conducted at 398.5 eV on multilayers with thickness ranging from 0.5 L0 to 4.5 L0 for both PS25-b-P2VP25 and PS102-b-P2VP97, these results are shown in Figures 3A and 3B, respectively. As with the previous sample the reflectivity curves were initially fit using a model which assumed that all interface widths were equal. The interface widths extracted from the data assuming a uniform interfacial layer model are shown in the SI in Table S2. Additional layers beyond a simple P2VP and PS layer are required to fit the 0.5 Lo films for both molecular weights, these fits are described in detail in the SI. For PS25-b-P2VP25 the average interface width decays from (45 ± 4.5) Å for the 0.5 Lo sample to (36.3 ± 0.6) Å for the 4.5 Lo sample. The same result is observed for the higher molecular weight series, where the interface width derived from the uniform model decays from (44 ± 5.7) Å to (35.7 ± 0.6) Å for the 3.5 Lo sample. These results provide additional support for a model which assumes a large interface near the substrate which decays towards the bulk value near the top surface. The interface widths for each sample determined from the monotonic decay  model are shown in Figure 4. One of the surprising results that come out of this model is that the interface width relaxes towards equilibrium faster for thicker films at equivalent distances from the substrate. For example, in the 1.5 Lo PS25-b-P2VP25 sample the interface width nearest to the top surface was found to be (51 ± 1.6) Å. At the same distance from the substrate (≈ 320 Å) the interface width of the 2.5 Lo film was found to be (43 ± 1.75) Å, and the 3.5 Lo film saw a further reduction to a width of (37.3 ± 1.75) Å at that position. When fitting the data, the thicker films were initially assumed to have interface widths equivalent to the thinner layers at the same position, but under those constraints the model was unable to fit the data. Relaxing this restriction so that the interfaces widths near the substrate could decrease more rapidly enabled a much better match with the experimental data. The interface widths continue to decay more rapidly until the 4.5 Lo sample, which resulted an excellent match with the interface widths found for 3.5 Lo, indicating that an equilibrium has been reached with respect to changes in the film thickness. 
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Figure 3: (A) RSoXR measurements conducted at 398.5 eV of PS25-b-P2VP25 multilayers (0.5 Lo through 4.5 Lo) and (B) PS102-b-P2VP97 (0.5 Lo through 3.5 Lo). Blue circles (○) represent the experimental data and solid lines represent the simulated data. The simulated reflectivity shown in this figure are the result of the fit from the model which allowed the interface width to decay away from the substrate. The model profiles used to fit the data are shown in the SI. The curves are arbitrarily shifted vertically for clarity.
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Figure 4: Interface width as a function of distance from the substrate for the (A) PS25-b-P2VP25 series and the (B) PS102-b-P2VP97 series. The light orange shading in the background represents the P2VP layers and the light red shading represents the PS layers. Open symbols are used for the layers where dispersion corrections to the capillary wave fluctuations were applied, calculated according to Equations 1-4. The dashed line represents the estimated interface width in the strong segregation limit from Equation 1, where  at 250 °C, producing a width of ≈ 34.5 Å, slightly smaller than the observed width for either polymer.63
	The higher molecular mass PS102-b-P2VP97 series similarly exhibited a thickness dependent decay in the interface width away from the substrate, shown in Figure 2B. The 1.5 Lo sample decays from (49.5 ± 2.3) Å at the interface closest to the substrate (a distance of ≈ 142 Å) to (40.25 ± 2) Å at the interface nearest the top surface (a distance from the substrate of ≈ 738 Å), a much faster change as a function of the number of interfaces compared to the PS25-b-P2VP25 series, but a similar difference as a function of distance from the substrate. An identical modeling approach was used for this series, where the interface widths for the 1.5 Lo film were initially used to constrain the interfaces of the 2.5 Lo film and the resulting model was unable to provide a satisfactory fit. For this series the 2.5 Lo and 3.5 Lo films resulted in a nearly identical interface width profile, again indicating that the system had reached an equilibrium with regards to the thickness dependency. For PS102-b-P2VP97 the equilibrium interface width was determined to be (35.5 ± 1.7) Å, close to the estimated interface width of 34.5 Å calculated from Equation 1, using  at the annealing temperature of 250 °C.63  For PS25-b-P2VP25 the equilibrium interface width was determined to be slightly larger at 37.1 ± 2.2, this is consistent with the location of PS102-b-P2VP97 in the strong segregation regime (χN ≈ 168) and PS25-b-P2VP25 being in the intermediate segregation regime (χN ≈ 42). 
	BCPs near a preferential substrate have generally exhibited behavior consistent with an increase in an effective interaction parameter. Disordered BCPs on a non-neutral substrate exhibit local order which decays into the film and ordered BCPs in thin films show an increase in the ODT as a function of decreasing film thickness.23,32 P2VP will have a strong affinity for the SiO2 substrate because of the interactions between the surface hydroxyls and the pyridine ring. Therefore, it could be expected that assembly on a highly preferential substrate would be accompanied by a reduction in the interface width.  In this case the opposite behavior is observed, with a sharp increase in the measured interface width near the substrate. This result can be explained by considering the arrangement of the P2VP chains on the surface rather than examining the system solely from a surface energy standpoint. Homopolymer adsorption on a substrate is driven by the gain in free energy due to the surface contacts, which outweighs the loss of conformational entropy. Recent work has demonstrated that with sufficient annealing a thin, irreversibly adsorbed layer is formed.37,64 The thickness of this irreversibly adsorbed layer has been found to be less than 3 nm for PS homopolymers, regardless of the molecular mass, indicating that the majority of the polymer segments are in contact or very near the substrate. These highly adsorbed chains reduce the number of contact points available for the remainder of chains on the substrate, resulting in a more loosely adsorbed layer. We propose that in a BCP system complete adsorption of the surface preferential block in a chain will result in “pinning” a fraction of the junction points near the substrate, rather than at the interface.65,66 This is visualized in the schematic in Figure 5A. The strong absorbance results in the significant enhancement of the observed interface width for the thinnest films, as the junction points are unable to segregate to their thermodynamically preferred location due to the adsorption of the P2VP block on the substrate. This interface distortion propagates into the film, healing as it moves further away from the substrate. It is unclear if this is a true equilibrium, or a metastable state. The dynamics of P2VP chains in the vicinity of a SiO2 substrate are slowed considerably by the strong affinity for the substrate, driven by the hydrogen bonding, as a result the local glass transition of P2VP near SiO2 can increase over its bulk value by over 100 °C.67,68 The films in this study were annealed at 250 °C, well over the expected Tg. Additionally, the 1.5 Lo PS25-b-P2VP25 film was rechecked after additional annealing at 250 °C and showed no change in the measured interface width. The origin of the dependence of the decay rate on the total film thickness is unclear. The thermodynamic equilibrium in the system will be the result of the competition between the chain adsorption, enthalpic effects from the unfavorable mixing of the chains at the interface, entropic effects resulting from stretching or compression of the chains due to the interface distortion, and additional contributions from the surface-air interface. The surface energy between PS and air (≈ 40 mN/m) is approximately an order of magnitude higher than the P2VP-PS interface energy for the native interface (≈ 3 mN/m). The surface roughness for all samples was observed to be small (< 1 nm), despite the distortion of the adjacent interfaces for the thin films. It is possible that in the thinner samples the drive to minimize surface roughness restricts the ability of the chains to reorganize and heal the interface distortions resulting from strong adsorption to the substrate, although these results do not provide a definitive explanation of this phenomena.      
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Figure 5. Schematic illustrating the impact of adsorption for (A) a strongly adsorbing block and (B) a weakly adsorbing block. The strongly adsorbing block results in a segregation of a fraction of the junction points (blue circles) away from the natural interface position and towards the substrate. The weaker adsorption allows for re-arrangement of the junction points to the interface while maintaining an equivalent number of surface contacts.  
	To compare these results to a sample with weaker polymer-substrate interactions a series of PS-b-PMMA films were prepared, with the thickness ranging between 0.5 Lo and 4.5 Lo. RSoXR measurements were conducted at 283 eV and 284.5eV, near the 1s→π* transition for the PS aromatic rings, where the average absorbance is slightly higher at 284.5 eV than at 283 eV. The average interface widths are shown in Figure 6A. At 0.5 L0 the results show a significantly reduced interface width (≈ 40 Å) compared to the expected equilibrium value of 50 Å.62 As the film thickness increases the average interface width increases, but also diverges between the two measured energies, with the results from 284.5 eV consisting presenting a smaller width compared to 283 eV. Given that the absorbance is higher at 284.5 eV, this suggests that the interfaces closer to the top are generally smaller than the interfaces closer to the substrate. At 4.5 Lo the interface width approaches 50 Å, when measured at 283 eV. The reduced interface width near the top surface are consistent with suppression of the magnitude of the capillary waves via dispersion effects. The estimated width accounting for the capillary wave suppression as a function of film thickness is shown in Figure 6 for each film thickness and energy. While this simple estimate generally underestimates the measured value, the trends closely mirror what is observed in the experiment. This strongly suggests that capillary wave suppression is the primary contributor to the reduced interface width observed in the measurement. The observed trends in interface width suggest that the interfaces near the substrate of the thicker films must approach the equilibrium value, which means that the proposed surface adsorption effects which lead to interface broadening of the PS-b-P2VP samples are reduced or eliminated in the PS-b-PMMA system. PMMA is a much weaker hydrogen bond acceptor compared to P2VP, and therefore potentially has a much weaker interaction with the substrate. The chains will have more freedom to re-arrange and respond to the thermodynamic driving force to minimize the interface width. This allows the PS-b-PMMA junction points to be localized at the native interface position, as described in Figure 5B. It has been difficult to directly study the fraction and distribution of chain ends and junction points for adsorbed chains, but theory and simulations have helped shed some light on the likely configurations. Simulations conducted to explore the influence of surface affinity on the fraction of trains, loops and tails.69 Weaker surface affinity corresponds to a high concentration of tails, and a greater probability of desorption and reattachment. As the surface affinity shifts to higher values trains become the predominant configuration on the surface and a reduced probability of desorption. This would be consistent with our hypothesis that the P2VP block, which will have a stronger surface affinity compared to PMMA will be less able to re-arrange and have a higher fraction of trains, thereby shifting the distribution of junction points closer to the substrate. 
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Figure 6: Average interface width as a function of the ratio of the total film thickness to L0 for PS37-b-PMMA38 Measurements were conducted at 283 eV and 284.5 eV, where the absorbance is slightly higher. The red curves represent the estimated average interface width calculated including capillary wave suppression 42 
	 	Finally, the results of this work can be used to explain why reflectivity measurements on diblock and triblock systems have previously observed a difference in the interface between these two systems. Neutron reflectivity measurements on a diblock at 3.5Lo found an interface width of (45 ± 3) Å, whereas the measurements on a triblock at 6.5Lo found an interface width of (28 ± 3) Å.70 The absorption of neutrons is negligible in a film this thick, and therefore in that measurement each interface will contribute to the signal equally. Given the results discussed earlier in this paper this suggests that the observed average interface in the diblock sample was broadened by surface contributions. Given that the triblock sample had almost double the number of interfaces the impact of surface induced broadening on the average interfaces was hidden by the contributions from layers that had reached equilibrium. To check this, we measured a 5.5Lo triblock sample (results shown in SI) at 398.5 eV, where we would be primarily sensitive to the top several layers and observed an identical interface width to the diblock sample measured in this study. This result provides considerable evidence that the interfaces in diblock and triblock systems are identical.   
Conclusions
	Depth profiling of BCPs is a classic problem in polymer physics, and this work demonstrates that with the developments in characterization methods more detailed structural information can be derived from these measurements. These experiments show that polymer-substrate interactions can translate to significant changes in the interface width in thin films. When there are strong interactions between one component and the substrate the adsorption of that component can prevent re-arrangement of the junction points to their equilibrium positions. This broadens the observed interface width in the vicinity of the substrate. The opposite effect is observed for a system where the substrate preferential component has a much weaker interaction with the substrate. Near the substrate the interface width approaches the anticipated equilibrium value, but closer to the top surface the suppression of capillary fluctuations reduces the observed interface width. These observations were made possible by utilizing soft X-rays to tune the amount of absorbance in the film, thereby influencing the depth sensitivity of the measurement. Developing an improved understanding of how to control this effect will lead to the ability to vary the depth sensitivity in a highly controllable manner, improving the ability to resolve uniqueness issues in systems with complex structure. 
Materials and Methods
Sample Preparation: All polymers used in this study were purchased from Polymer Source Inc. and used without further purification. (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.) All samples were spin coated out of propylene glycol methyl ether acetate (PGMEA, Sigma-Aldrich) and the thickness was controlled by varying the solution concentration and spin coating speed. PS-b-P2VP samples were annealed under nitrogen at 250 °C for a half hour, and the PS-b-PMMA samples were annealed at 200 °C for an hour.
Soft X-ray Reflectivity: Soft X-ray reflectivity measurements were conducted at Lawrence Berkeley National Laboratory at the Advanced Light Source at beamline 6.3.2. All measurements used a combination of a photodiode detector at low angles and a channeltron at higher angles. Measurements at both the carbon and nitrogen edge were conducted with a 600 mm-1 monochromator, a Ti Filter and a 3 mm aperture and a nickel higher order suppressor. The data was analyzed utilizing the refl1d program and uncertainties were calculated through a Directed Evolution Monte-Carlo Markov Chain algorithm (DREAM).71 The reported uncertainties represent the 95 % confidence interval determined by the sampling algorithm. All interface widths are reported as , where σ is the width of the error function used to model the interface. Equilibrium interface widths were extracted from the thickest samples at thicknesses where the interface width was constant. 
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