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The recent introduction of slow vacuum filtration (SVF) technology has shown great promise for reproducibly creating high-quality, large-area aligned films of single-wall carbon nanotubes (SWCNTs) from solution-based dispersions. Despite clear advantages over other SWCNT alignment techniques, SVF remains in the developmental stages due to a lack of an agreed-upon alignment mechanism, a hurdle which hinders SVF optimization. In this work, we modify the filter membrane surface to show how the resulting SWCNT nematic order can be significantly enhanced. We observe that directional mechanical grooving on filter membranes does not play a significant role in SWCNT alignment, despite the tendency for nanotubes to follow the groove direction. Chemical treatments to the filter membrane are shown to increase SWCNT alignment by nearly 1/3. These findings suggest that membrane surface structure acts to create a directional flow along the filter membrane surface that can produce global SWCNT alignment during SVF, rather serving as an alignment template.
Introduction
The transition from research-critical, individual nanocrystals (NCs) to technologically relevant NC ensembles remains one of the most challenging barriers to overcome in the integration and adoption of nanoscale systems into state-of-the-art technologies. Increasingly, researchers have turned to self-assembly strategies to structurally engineer NCs into ordered ensembles. These bottom-up methods minimize disorder and inter-particle energies, which can lead to NC-based superstructures that either have properties that are close to their individualized constituents or exhibit behaviors that are distinctly different. Moreover, controlled structural organization of NCs can also leverage the strongly anisotropic properties of many NCs, including biomimetics, two-dimensional (2D) systems including elemental single-layer materials, diand tri-metal chalcogenides, and few-layer structures, one-dimensional systems (1D) such as nanowires, nanorods, and nanotubes, and zero-dimensional structures (0D) like colloidal quantum dots and carbon nanodots. [1, 2, 3, 4, 5, 6, 7, 8, 9]
Due to their enhanced functionality and physical properties along one axis, 1D NC systems have become a notable focal point for nanoscale structural ordering. Among 1D systems, single-wall carbon nanotubes (SWCNTs) stand out for their unique and exceptional physical and chemical properties, which
are typically realized in ensembles through nanotube individualization via surfactants or DNA wrapping. In addition to chirality enrichment [10, 11, 12, 13], length sorting [14], handedness selectivity [15, 16], and elemental/molecular insertions [17, 18, 19, 20, 21], aligning SWCNTs on a common axis has enabled researchers to uncover physically rich phenomena at macroscopic scales, such as ultrastrong lightmatter coupling [22, 23, 24], intersubband plasmons [25], electric and thermal photoemission [26, 27], terahertz radiation generation [28, 29], and metamaterial physics [30, 31, 32]. The need for accessible, high-yield, low-cost, facile methods for chemically sorting and physically positioning SWCNTs with identical properties remains the most significant hurdle for the use of nanotubes in high-performance optical, electronic, and mechanical systems.
Several techniques for aligning SWCNT ensembles have been used over the past three decades, such as electrical orientation, magnetic orientation, shear strain, oriented growth, templating, inverse dose-controlled, floating evaporative self assembly, and 2D nematic tangential flow interfacial self-assembly [33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43]. Despite the success of several of these methods, nearly all of these protocols cannot be integrated with solution-based chemical processes for chiral enhancement, length sorting, and molecular insertion, which has greatly limited their applicability to fundamental studies and technological integration. Recently, the development of slow vacuum filtration (SVF) SWCNT alignment has overcome this obstacle by creating large-area, nematic phase nanotube films from depositions of SWCNT solutions [44, 45]. Later iterations improved upon the initial SVF concept by adding automation and scalability, while removing a meniscus-created radial alignment effect [46]. However, an agreed-upon mechanism(s) for why this technique produces SWCNT alignment has not yet been reached, although several ideas have been suggested including SWCNT electrostatic interactions with the membrane surface [44], surface templating [47], and membrane-bound charge density [46].
In this work, we examine different proposed SVF mechanisms by conducting a series of experiments on the filter membrane using intentionally non-ideal SWCNT concentrations. We observe significant increases in the SWCNT alignment by modifying the polyvinylpyrrolidone-coated surface of the polycarbonate (PC) filter membrane. In contrast to previous works, we show that by removing surface grooving on the filter membrane, both SWCNT alignment and global ordering are improved, an observation that strongly suggests that a specific upper-most surface structure is not a necessary condition for SVF global alignment. Furthermore, by contactlessly saturating artifact-free (i.e., “grooveless”) membranes in various solvents, we find that the SWCNT alignment, as measured by the 2D nematic ordering parameter, S2D, is further enhanced by ≈1/3, as compared to as-received membranes. Surprisingly, after significantly disrupting the uppermost filter membrane surface via etching, we show that SWCNT alignment is enhanced. Finally, we demonstrate that SWCNT alignment can be nearly completely suppressed for filter membranes from different production lots, despite possessing the same relevant characteristics as membranes that create excellent SWCNT alignment. Taken together, the presented results suggest that a directional flow is created on the surface of the filter membrane from strain-created morphological features, such as grooves, undulations, tears, etc. produced during the membrane manufacturing process. We hypothesize that this surface current acts as the global director force aligning SWCNTs during SVF under the appropriate conditions.
Results
To demonstrate the effects of membrane surface modification, we first characterized films made on filter membranes as-received from the manufacturer. Briefly, aligned SWCNT films were produced using the procedure described by Walker et al. [46] in which the flow rate (≈ 3 mL/h) was held constant and pressure feedback control was used for maintaining necessary filter flowrates. Further details are given in the Methods section. For the results presented here, we used a 0.3 g/L (0.03%) sodium deoxycholate (DOC) concentration and a measured 5 µg/mL SWCNT concentration, which produced a roughly 110 nm-thick film with an estimated ending SWCNT film mass of 15.0 µg. Our deposition rate is estimated to be 4.3×108 tubes/cm2-s or 4.2 ng/s (see Supplementary Information for calculation details). As shown in previous works [44, 25, 23, 27, 46], the surfactant and SWCNT concentrations for each system (SWCNTs, pore size, pore density, surfactant, flow rate etc.) need to be optimized for the highest S2D values (see, e.g., Figure 4c in Walker et al. [46]). Here, this step was intentionally excluded to better delineate how S2D varied with surface treatment, as well as to show the robustness of the SVF method. These concentrations resulted in a decreased SWCNT alignment (see Figure 1) from previously reported optimal concentrations of rate-zonal sorted P2 arc-discharge SWCNTs of 0.3 g/L sodium deoxycholate (DOC) and 8 µg/mL, where S2D measured via absorption ([image: ]) was found to be 0.4 [46].
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Figure 1: a) AFM image showing the intrinsic surface grooving of a typical, as-received membrane. The distinct lack of groove uniformity is apparent even on the micron scale. b) Two AFM 1D profiles taken from (a) clearly indicate the as-received membrane surface is both highly non-uniform and rough. c) SEM image showing high SWCNT alignment over hundreds of nanometers. Scale bar: 150 nm. d) Large-area, false-color image taken with a polarized microscope indicates domains of aligned nanotubes that span hundred of microns. The darker sections of the image highlight the lack of global alignment in the film. Scale bar: 500 µm. The average pixel intensity is shown by the black-to-white gradient bar in the top-left corner. When the value is larger than 127.5, more than half of the image is comprised of aligned SWCNTs.
e) Polarized absorption of film SWCNT shown in (d) where the spectra shown is an average of five unique measurements taken across the film. S2absD is found to be 0.30 (S2RamanD	= 0.71). Typically, a globally aligned film with high nematicity will posses nematic order parameters of ≈0.6 as measured by optical absorption; a majority of the decrease in S2D is due to the averaging of the different domain alignment directions. The solid line is a best fit cos2(θ) function to extract [image: ].
The grooved pattern on the membrane surface is shown in Figure 1a. Representative profiles (Figure 1b) give a quantitative determination of the width and depth of some of the grooves, although they are difficult to unambiguously distinguish from the membrane pores. In both figures, a wide distribution of groove lengths, depths, and widths is clear, as is a significant spread in their direction. The resulting films using these as-received membranes exhibited localized, domain-defined SWCNT alignment that spanned hundreds of nanometers and appeared well aligned when probed with high-precision methods, like scanning electron microscopy (SEM) in Figure 1c. However, when the length scale is increased, global SWCNT alignment drops significantly, especially when compared with S2D values using optimized SWCNT and DOC concentrations [46]. Using large-area polarized microscopy, Figure 1d, we observe highly aligned domains that are situated at various angles with respect to the original groove direction. A quantitative measurement of this domain-dominated film is given by the black-to-white gradient bar in Figure 1d, which averages polarized-filtered intensities to produce an estimate of the aligned SWCNT percentage (e.g., 127.5 is equal to 50 % of the ensemble aligned in a given direction).
Using polarized optical absorption (with λexc = 1818 nm; see the Supplementary Information), we observe that the average alignment direction does in fact follow the membrane groove axis (Figure 1e). However, because the measurement is averaged over numerous domains of varying alignment, the overall nematicity of the produced film is weak ([image: ]	= 0.30), which is expected for films made with non-optimal concentrations. Since S2absD can only be used for comparing relative alignment [46] at a given wavelength, we also present the corresponding polarized Raman spectra (Figure S1; S2RamanD	= 0.71). We also include a comparison of sample-to-sample variability (Figure S2) for all of the membrane treatments described later in this work. In that figure, we measure both S2absD and S2RamanD	vary for identically prepared SWCNT films and show that the sample-to-sample variation is ≤ 0.025 for S2absD , which is smaller than the differences observed for the various membrane treatments described below.
In previous work using the SVF technique [47], it was demonstrated that SWCNT alignment follows the filter membrane surface groove direction. Moreover, the authors showed that if the membrane is coarsely templated using a periodically grooved mold, SWCNT alignment will strictly follow that dominant direction, which suggests that membrane surface templating plays a strong role in SWCNT alignment. However, given the high degree of groove non-uniformity and membrane surface inhomogeneity within an as-received membrane and across different membrane lots, it remains unclear what, if any, direct effect membrane surface topology has on SWCNT nematicity.
To investigate this dependence on filter membrane surface grooves, we removed them using a combination of thermal and mechanical treatments (see Figure S3 in the Supplementary Information for details). The resulting filter membrane exhibits no evidence of grooving (Figures S4a and S4b). Despite this absence of defined membrane topology, the overall SWCNT nematicity increases (Figures S4c-e). On a very localized length scale (e.g., Figure S5), SWCNT alignment is also very good. However, small, localized patches around nanopore clusters appear misaligned, which suggests that local eddy currents from disrupted flow may be hindering complete nanotube alignment. Given these results, the close adherence of SWCNT alignment to the filter membrane grooving direction seen in the SVF technique may actually be due to either anisotropic strain developed in the filter membrane polymeric structure during manufacturing or residual membrane morphology, instead of any explicit dependence on membrane surface grooving itself.
After removing the surface grooves, other surface modifications were employed to deepen our understanding of the underlying SVF alignment mechanism. In our previous work, we demonstrated that swiping the filter membrane surface with an ethanol-wetted material significantly increased resulting SWCNT alignment [46]. To understand if this alignment enhancement was due to increased mechanical grooves or a property of the solvent, we devised a method for controllably applying the chemicals to the filter membrane without physically touching the filter membrane (i.e., no mechanical alteration of the filter topology). Membranes were separately exposed to several different solvent vapors in a partially evacuated cloud chamber (Figure 2a) allowing for vapor saturation of the membrane. To ensure that we achieved maximal effect during the solvent treatment, we performed a time-dependent study of membranes in the cloud chamber (Figure S6). Figure 2b shows that no structural change occurred to the membrane as a result of this treatment. AFM line profiles (Figure 2c) were extracted and compared to Figure 1b indicating that the average surface roughness (Ra) was unchanged due to the cloud chamber protocol. As seen in Figure 2d, regardless of the polarity of the solvent used, SWCNT alignment was significantly increased via the cloud chamber treatment. In fact, of the all the solvents tried, the only vapor treatment that showed a decrease was sodium hydroxide (NaOH; not shown). A small bias towards solvents of moderate polarity may be present, but a clear trend with solvent polarity is not evident. The results shown in Figure 2 highlight the important, though not entirely clear, role that electrostatic charges at the membrane-nanotube interface play, while revealing the relatively small impact of non-structured surface topology on SWCNT alignment.
When both the heat and solvent treatments were performed on the filter membrane, an even greater in-
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Figure 2: a) Schematic drawing of the cloud chamber. b) AFM comparison of a grooved membrane before and after the solvent vapor exposure. c) 1D line profiles extracted from each AFM image showing a negligible difference in the surface roughness. d) A comparison of many SWCNT films made using the mentioned cloud chamber technique after a nine-hour exposure to the solvent. Depending on the chosen solvent, S2absD increases by nearly 50%, as measured by reduced linear dichroism (λexc = 1818 nm). Error bars represent one standard deviation of S2D across multiple films.
crease in the resulting SWCNT film nematicity is observed. As seen with AFM (Figure 3a and Figure 3b), not only is a high degree of SWCNT alignment present, but the alignment axis is significantly shifted away from the axis of the original surface grooving, an angular change we denote as θshift. Importantly, the SWCNT alignment spans the entire film (Figure 3c), which is similar to the results shown in Figure S3d. We can further extend our observations by statistically comparing several films produced in the three membrane surface conditions discussed thus far: grooved, heat-treated, and the combination of heat- and vapor-treated. Figure 3e shows that as S2D increases, so too does θshift, which is a trend that should not be possible in a groove-dominated alignment mechanism. The increase of S2D coupled with the appreciably large values of θshift, as well as the lack of membrane grooving present in several filters, strongly supports the idea that the filter membrane features observed only act as pinning sites in the SVF technique and are not critical to the SWCNT alignment mechanism.
The decoupling of the membrane surface grooving and SWCNT nematicity can be further shown by chemically etching the membrane surface. When porous membranes are manufactured, NaOH is used to track etch the holes after the membranes have been irradiated with ions [48]. Thus, we chose 2.0 mol/L NaOH to etch away the uppermost layer of the membrane; time-dependent AFM scans of the filter membrane during this process, as well as surface roughness and pore size measurements are given in Figures S7 and S8 in the Supplementary Information. As seen by the AFM images before and after the NaOH etching in Figure 4a through c, respectively, this process greatly increases the membrane surface roughness (Ra increases by a factor of ≈5), while also maintaining the integrity of the pores (see, e.g., Figure S8). The increase in Ra is significant enough that despite membrane grooves being present, their depth is on the same order as the rest of the membrane surface, effectively masking their presence. Despite the large change in the overall surface topology of the membrane, SWCNT alignment is enhanced, as seen in Figure 4d. In fact, we find that θshift exceeds the expected value for as-received membranes and instead follows more closely to the trend observed with heat-treated membranes (see Figure 3e).
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Figure 3: a) AFM image of SWCNT film made on a heat-treated and vapor-exposed (ethanol, nine-hour exposure) membrane prior to being transferred to a substrate. The AFM image shows a high degree of SWCNT alignment that distinctly does not follow the previous surface groove direction (blue). Scale bar = 500 nm. b) Line traces from AFM in (a) showing a smooth film surface after SVF deposition. c) Large-area, false-color image of a SWCNT film in a polarized microscope showing that the high degree of alignment is uniform across several millimeters. The darkest region (bottom right) is the sample substrate. Scale bar: 1500 µm. d) Polarized absorption (after transferring the film to a substrate) demonstrates the high degree of uniform alignment achieved via the exposure of the filter membrane to ethanol vapor. As before, this spectrum is the average of five measurements taken across the film surface from left to right. e) S2absD as a function of shift angle from the previous groove direction, θshift, for several films made with various filter membrane treatments. This data set clearly shows that, despite the groove axis, the degree of nematicity does not depend on the existing groove direction. Here, ellipses represent one standard deviation from the mean.
To solidify the relative unimportance that surface grooving plays in SWCNT alignment during SVF, we show a comparative test between two membranes of the same nominal membrane product (including pore size, pore density, and membrane material) from the same manufacturer, where the only known difference is in the production lot. With both type I (lot used previously) and type II (new lot) membranes, we found grooves on the upper-most membrane surface, which are shown in Figure 5a and d. However, when focusing slightly below the surface, a new pattern emerges perpendicular to the groove axis in type I membranes (Figure 5b); critically, this template is not seen in type II membranes (Figure 5e). This contrast in sub-surface construction coincides with a significant difference in the resulting SWCNT alignment despite running SVF under the exact same conditions: while we observe alignment in type I membranes as before (Figure 5c), nearly no SWCNT alignment is seen with type II membranes (Figure 5f).
Since the only quantitative difference found was the lack of patterning in type II membranes, our observations suggest that the membrane undergirding in type I membranes may play a role in SWCNT alignment. The nature of that role, however, is unclear, especially since any SVF alignment mechanism must have a global director spanning the entire membrane surface to create nanotube nematicity. As suggested below, one possible SVF alignment mechanism is that the directionality of the filter morphology (channels, e.g., created during manufacturing) produces a slight shear flow at the surface of the membrane, thus acting as a global director force. If such a patterning is missing in type II membranes, for instance, then SWCNT alignment will only occur where localized surface currents exist, thus creating

Figure 4: AFM of a filter membrane before (a) and after (b) NaOH etching. Although the grooving in a) is still present in b), it has been greatly reduced, as seen by the reduced groove visibility. 1D line scans from both a) and b) are shown in c) along with calculated average surface roughness, Ra, which is shown to substantially increase with NaOH etching. d) Despite having a significantly enhanced surface roughness, strong, global SWCNT alignment is obtained for SWCNTs deposited on etched membranes. In addition, θshift is well outside of the region (< 5◦) expected for aligned SWCNTs on grooved membranes. small SWCNT alignment domains and a low S2D.
Discussion
Given the data presented here, two hypotheses have emerged as leading contenders for the dominant SWCNT alignment mechanism in SVF. In the first possibility, inter-SWCNT van der Waals electrostatic interactions form domains as nanotubes descend and pin to surface artifacts on the filter membrane, a model that is taken in part from He et al. [44]. If our linear deposition rate is 2.32×10−4 cm/s and our normalized SWCNT deposition rate is 4.3×108 tubes/cm2-s, then we have an estimated tube density of 1.86 tubes/µm3. For an average SWCNT length, L, of 550 nm, means that within an interaction sphere of radius L, there are on average 1.3 nanotubes, which suggests that neighboring SWCNT interactions are likely. Thus, inter-SWCNT van der Waals forces may form 2D ‘rafts’ via inter-chain electrostatic interactions, which re-orient themselves along pinning sites on the membrane surface. In this scenario, low turbulence throughout deposition keeps these aligned rafts cohered, which is why a low Reynolds number may be important to SVF (see Figure S7 and the Supplementary Information for estimates). Beyond this model, we note that surface currents, created by channels (grooves) in the membrane can create both (1) a directional, aligning shear flow postulated by Rust et al. [49], which would produce the global director force necessary to align these SWCNT rafts, and (2) localized, destabilizing eddies that

Figure 5: Demonstration of the effect that the underlying, perpendicular pattern has on the alignment of SWCNT films made with type I membranes. a) A large-area microscope image of a type I membrane received from the manufacturer. Scale bar: 500 µm. b) The presence of an underlying pattern that lies perpendicular to the groove axis. Scale bar: 200 µm. c) One of the polarized absorption spectra from a SWCNT film deposited on a type I membrane. In type II membranes, we see similar grooving (d) as in (a), though the similarities end there. Scale bar: 20 µm. Type II membranes show no underlying pattern (e), scale bar: 200 µm, and produce negligible alignment of SWCNT films (f).
disrupt uniform global nanotube alignment. Regarding the second point, these membrane-created deviations from a smooth flow, especially in and around clusters of nanopores (see, e.g., Figure S5 in the SI), may produce micro-areas of misaligned SWCNTs either during deposition. Therefore, removing nearly all of these membrane grooves using the series of treatments outlined in this work very likely decreases these unwanted eddies, while still preserving the directional aligning shear flow (e.g., from any remaining strain-created morphological features on the filter membrane produced during manufacture), thus enhancing the formation of SWCNT global alignment. In addition to helping explain all of our results including the remarkable S2D differences in type I and II membranes, this argument may also account for the fact that when intentional templating of the filter membrane is used (i.e., deep, well-defined, even grooving of the membrane), such as in works by Komatsu et al. [47] and Rust et al. [49], these researchers observe strong SWCNT alignment along the embossed groove direction. Currently, this hypothesis is our best understanding of the SWCNT alignment mechanism in SVF.
The second hypothetical mechanism supported by some of our observations is that charge density on or near the membrane surface creates a director field that aligns van der Waals-bundled SWCNTs, in a similar manner to liquid crystals. With regards to the results presented earlier, if this mechanism dominates, then it is unclear why different solvent polarities did not affect S2D more strongly during our cloud chamber experiments. However, it could be countered that our observations of alignment domains (Figure 1, e.g.), potentially created by uneven regions of charge density, may lend support to this mechanism. In one of our more explicit tests of this hypothesis, we used Kelvin probe force microscopy (KPFM), a method in which deflections of scanning nanoscopic tip are used to map both the location and magnitude of localized charges. In this experiment, we attempted to measure a membrane exposed to ethanol for nine hours. However, despite the use of grounding electrodes, the insulating nature of the PC membranes prevented reliable contact potential difference results from being obtained due to surface charge accumulation.
A potential workaround may be to investigate how different solvents change the membrane surface zeta potential, as well as to evaluate changes in isoelectric points, which would aid in determining exposed functional groups. In a recent work by Rust et al. [49], extensive research was performed to investigate the role of membrane and SWCNT charging in a forced, dead-end filtration by investigating the zeta potential with different surfactant charges and varying DOC concentrations. Their comprehensive results suggest that by increasing the inter-SWCNT van der Waals attraction (e.g., by having less of the nanotube covered by surfactant) and overcoming any electric double layer on the filter membrane, the formation of globally aligned SWCNT films is enhanced. More broadly, the results by Rust et al. suggests that any SVF electrostatic alignment mechanism is more complex than simple charge density on the filter membrane and must incorporate several other factors, such as the local electrostatic environment of the SWCNTs, explicit morphology of the filter membrane, and dielectric environment of the solvent.
Conclusion
In summary, we have shown that for various surface modifications to the polycarbonate filter membrane, SWCNT alignment can be significantly improved without optimization of either nanotube or surfactant concentrations. Despite intentional modifications to the filter membrane surface reducing surface grooving, we observed increased SWCNT alignment, suggesting that unintentional filter membrane topological defects are not acting as alignment templates in SVF, but instead create a directional surface current transverse to the SWCNT flow direction that produces, under certain conditions, global SWCNT alignment on the membrane. Contactless application of solvents of various polarities also showed an improvement of S2D, which may suggest that inter-nanotube interactions during the SVF deposition are more important than originally believed. Given the increasing importance of the SVF protocol in nanotube science and possibly crossover to other NC systems, the insights presented here can lead to both significant improvements in the SVF technique as well as new commercial opportunities for large-area aligned SWCNT films.
Experimental Section
SWCNT Preparation:
Individualized SWCNT solutions of P2 arc-discharge tubes were prepared following the procedure outlined in Walker et al. [46] via rate-zonal sorting [19] and alkane filling [50].
Filtration Parameters:
We used 25 mm, polyvinylpyrrolidone-coated, hydrophilic, 200 nm nuclepore track-etch filter membranes (Whatmann [now Cytiva])[51]) with a measured filter area equal to 3.6 cm2. For filtration of SWCNT dispersions, an automated controlled SVF platform was used, which allows for the feedback control of applied pressure, as well as meniscus tracking via machine vision. This platform allows for the flow and deposition rates of SWCNTs on the nanoporous membrane to be finely tuned for all of the SWCNT films presented in this work. Filtration was carried out at a constant 3 mL/h flow rate until the final stage of filtration wherein the flow rate is increased to 15 mL/h. By maintaining a constant flow rate throughout the majority of the process, film quality and alignment are both ultimately increased [46].
Polarized Optical Measurements:
Polarized optical absorption measurements were conducted to evaluate the nematicity of SWCNT films. The polarization of the incident beam was characterized and adjusted such that the 0◦ angle provided a polarization perpendicular to the surface of the optical bench and parallel to the membrane groove axis. Spectra were then collected at 1818 nm (maximum SWCNT absorption peak) across the surface of the film. The optical spot size of the 1818 nm beam on the films was 10 mm x 2 mm. To avoid selectively picking data, we took five separate measurements spaced between 3 and 5 mm apart from each other.
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For all data points presented in the manuscript, these five spectra were averaged to produce a mean and standard deviation. All the error bars and uncertainties presented in optical measurements and nematicity represent k = 1 standard deviation.
Polarized Raman spectroscopy was also used to characterize the nematicity of SWCNT films. Samples were mounted to a rotational mount and spectra were collected using λexc = 532 nm excitation wavelength in the IVV, IHH, and IVH configurations.
Atomic Force Microscopy:
All AFM measurements were taken using Asylum Cypher in an AC air-tapping mode using an OTESPA tip (AC160TSA-R3). For before and after comparisons, locations on samples were marked prior to AFM measurements, so that the position could be maintained.
Heat Treatment for Groove Removal:
In order to remove the grooves from the superficial top layer, a copper block was first preheated for 15 minutes to 170◦C. The membrane was sandwiched between two glass slides, so as to maintain the membrane integrity; this assembly was then placed on the preheated copper block for four minutes with no applied external force. After the four minutes, a constant force of 26.4 N was applied to the top of the glass slide assembly and left on the heat for nine minutes during which the PC in the membrane reached its glass transition temperature (147◦C). After nine minutes, the force was removed and the slide assembly was allowed to cool.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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