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Abstract

Over the past decade, substantial progress has been made in the chemical control (chiral
enrichment, length sorting, handedness selectivity, and filling substance) of single-wall carbon
nanotubes (SWCNTSs). Recently, it was shown that large, horizontally-aligned films can be
created out of post-processed SWCNT solutions. Here, we use machine-vision automation
and parallelization to simultaneously produce globally-aligned SWCNT films using pressure-
driven filtration. Feedback control enables filtration to occur with a constant flow rate that
not only improves the nematic ordering of the SWCNT films, but also provides the ability
to align a wide range of SWCNT types and on a variety of nanoporous membranes using the
same filtration parameters. Using polarized optical spectroscopic techniques, we show that
under standard implementation, meniscus combing produces a two-dimensional radial SWCNT
alignment on one side of the film. After we flatten the meniscus through silanation, spatially-
resolved nematicity maps on both sides of the SWCNT film reveal global alignment across
the entire structure. From experiments changing ionic strength and membrane charging, we
provide evidence that the SWCNT alignment mechanism stems from an interplay of intertube
interactions and ordered membrane charging. This work opens up the possibility of creating
globally-aligned SWCNT film structures for a new-generation of nanotube electronics and
optical control elements.
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Significant interest in one-dimensional (1D) sion, and conduction. Typically, physical at-
nanocrystals (NCs) follows from their highly tributes observed in these NCs are significantly
anisotropic properties of electrical and thermal enhanced along the extended 1D crystal axis
transport, optical absorption, radiative emis- relative to the short axes, the latter often
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serving to impose strict quantum mechanical
boundary conditions on the band structure.
Researchers have utilized the anisotropic na-
ture of 1D NCs in polymer chains, liquid crys-
tals, inorganic crystals, and carbonaceous rib-
bons (graphene, e.g.), and nanotubes to explore
physically-interesting 1D behaviors like Lut-
tinger liquids,*™ time-reversal-invariant Majo-
rana chains,*® Wigner crystals,® ultrastrong
light-matter coupling,™ high-harmonic gener-
ation,” Aharonov-Bohm physics, " intersub-
band plasmons,*® and topological insulators.’?
Additionally, 1D NCs have been envisioned in a
wide range of technologically-important appli-
cations, such as high current-carrying capacity
conductors, 1 rectifers,* far-infrared polariz-
ers™? and detectors,*® gas and molecular sens-
ing 120" flexible electronics,t photoelectron
emission,*? and directional heat transport.??
Consequently, enhancing these anisotropic ef-
fects by aligning 1D NCs along a common axis
via an easy-to-control mechanical, electrical,
or magnetic external force is highly desirable.
However, the high degree of van der Waals
interactions per unit mass in these nanosys-
tems promotes particle aggregation, which con-
tributes to the difficulty in creating globally-
aligned macroscopic films of 1D NCs.

Among the major 1D NC groupings, single-
wall carbon nanotubes (SWCNTSs) are par-
ticularly difficult to reproducibly align, espe-
cially after they have gone through solution-
based processing.  Despite the well-known
challenges involved in nanotube preparation,
strong interest remains in working with SWC-
NTs due to their unique band structures and
exemplary physical properties.?* Substantial
research into chemically processing SWC-
NTs to achieve and enhance these superla-
tive behaviors has produced significant break-
throughs in chiral and type enrichment,?5%8
length sorting,“? tube filling with atoms and
molecules,*" % and handedness selectivity.22+0
Alignment of nanotubes along a preferred di-
rection has also been achieved, but often with
significant caveats or over a limited scope. Re-
searchers have used a variety of techniques to
align nanotubes including non-chiral-enriched,
vertically-oriented SWOCNT forests,*™® me-

chanical pulling of polymers,*? solution-phase
shearing,*’ electrostatic-enhanced dropcast
films,*! magnetic alignment,*? nanowire self
assembly,*? and feedstock-driven growth.1%44
Recently, a significant step forward in SWCNT
alignment was taken when He et al.**4% demon-
strated that SWCNTs formed along a particu-
lar axis when a nanotube solution was slowly
filtered through a hydrophilic, polyvinylpyrroli-
done (PVP)-coated nanoporous membrane.
This observation has allowed researchers to
produce well-aligned polarized SWCNT films
after solution-based chemical processing (e.g.,
chiral enrichment or length sorting) 24049
Unfortunately, this technique is challenging to
reproduce, difficult to scale up, and labor inten-
sive, all of which has hindered the widespread
adoption of this method. Furthermore, previ-
ous work on filtration-based nanotube align-
ment has claimed that these films are globally
aligned, a statement challenged by the absence
of a true macroscopic characterization tech-
nique, as well as a complete reliance on single-
side film measurements.

In this Letter, we use an automated and par-
allelized filtration system to reproducibly and
simultaneously create multiple highly-aligned,
solution-based SWCNT films, thus allowing us
to explore a large set of chemical and phys-
ical parameters under well-controlled condi-
tions. Using machine vision, we both measure
and control the filtration flow rate for different
filter membrane pore sizes by monitoring the so-
lution meniscus and regulating the transmem-
brane pressure. This automated feedback loop
produces a constant filtration flow rate, which
not only improves SWCNT alignment, but also
enables this technique to be easily applied to
different varieties of synthesized SWCNTs. Ad-
ditionally, we use a combination of polarized
optical techniques and glass silanation to dis-
cover and remove the formation of a meniscus-
created radial SWCNT alignment.  Spatial
mapping of both sides of the SWCNT film us-
ing polarized Raman scattering shows a two-
dimensional nematic ordering parameter, Sop,
of ~0.9 throughout the film. This uniform value
of Sypunambiguously demonstrates true global
alignment from solution-based SWCNTs. Fi-



nally, based on experiments tuning the electro-
static environment, we propose that charge or-
dering on the filter membrane is one of the driv-
ing forces involved in the spontaneous align-
ment of SWCNTSs along a common axis.

To prepare our individualized SWCNT so-
lution for filtration, we use Carbon Solutions
(Riverside, CA) P2 arc-discharge SWCNTs
(lot# 02-A011), which are dispersed via tip
sonication® in 20 g/L sodium deoxycholate
(DOC) in HyO and then centrifuged to re-
move non-SWCNT contaminants. To mitigate
discrepancies between water- and non-water-
filled SWCNTSs, we used nanotubes filled with
C7H6.%* Benefits of alkane-filled SWCNTS, in-
cluding sharper optical features and a clear
path towards alignment of confined molecules,
are discussed in more detail in Campo et al.**
and in the Supplementary Information. Ad-
ditionally, the success of generating aligned
SWCNT films (vide infra) with controlled fill-
ing presents a clear path for the alignment of
confined molecules, which is of great interest
for future efforts. Finally, a rate-zonal centrifu-
gation method is applied to sort the nanotube
solution to remove bent and very short SWC-
NTs. At the end of this multi-step procedure,
which also includes removal of solution compo-
nents other than H,O, DOC, and SWCNTs via
ultrafiltration and increasing the SWCN'T con-
centration, we have a mixed-chirality SWCNT
solution composed of long, straight tubes, in
10 g/L DOC, which are ideal for this alignment
technique. Before filtration, the SWCNT dis-
persion is diluted to have a DOC concentration
of 0.03 wt.% and an approximate SWCNT con-
centration of 8 pug/ml, which was determined
through optical density measurements.

To automate the filtration setup shown in
Figure [Th, we developed software to detect,
numerically fit, and control the edge of the
SWCNT solution meniscus. Meniscus detection
and tracking was performed using an adaptable
detection algorithm to convert the real image
to an edge outline, as shown in Figure [Ib. We
developed software to numerically fit the menis-
cus edge from this outline, which significantly
reduced fluctuation-created noise in the extrac-
tion process. Because the meniscus is tracked

as a function of time, it serves as a measure of
flow rate. Pressure is maintained via a PID-
controlled variable leak using a proportioning
solenoid valve with an applied source vacuum of
28.8 kPa. Accurate and precise (£2 Pa) applied
pressure control is achieved across a broad pres-
sure range of over four orders of magnitude from
3 Pa to 6000 Pa. The pressure is increased at
the end of the filtration process to dry the film
and prevent disruption of the still-wet SWCNT
structure.

Besides eliminating human control from the
alignment process, our machine vision-based
SWCNT film configuration easily allows for
production upscaling. As detailed in Figure [Th,
although just one filtration rig (‘master’) is
monitored, multiple films are simultaneously
produced by putting filtration assemblies in
parallel. Since each parallelized assembly is
nearly identical to the master rig, excellent
alignment for several SWCN'T films is achieved.
As an example of this high degree of uniformity
achieved by our system, we show in Figure
three films simultaneously produced in our par-
allelized system that have nearly identical 2D
nematic ordering. To numerically describe ne-
maticity in our films, we use Spp, which varies
from 1 (perfect alignment) to —1 (exactly or-
thogonal), throughout this work (measurement
details described below, in Figures S1 and S2,
and the corresponding Supplementary Informa-
tion text).

Figures and [Ie show that the SWCNT
films are 178411 nm thick (in this paper, uncer-
tainty is reported as k = 1 standard deviation),
which is on the order of the length of one nan-
otube (=200 nm to 400 nm). Because all of the
films were made with the same SWCNT dis-
persion, nominal SWCNT concentration, and
filtration assembly, we expect that the thick-
nesses of all the films to be similar to the one
shown in [Figure Tp. Nanotube film thicknesses
on this order (and smaller) are often treated as
2D constructs, because of the dimensionality of
their measured physical properties.”! We note
that the film thicknesses measured here are on
the high end of the thickness spectrum com-
pared to those reported by prior groups,4248
thus supporting our claim of excellent global
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Figure 1. (a) Schematic of the automated, parallelized filtration assembly. The ability to simultaneously create
multiple aligned SWCNT films using machine vision and a feedback-control system enables reproducible and
scalable production. (b) (left) Image of the filtration assembly taken by the camera during filtration. (right)
Corresponding contrast-enhanced edge image produced using the Canny edge algorithm. The arrows in both
figures highlight the meniscus edge, which we detect, numerically fit, and monitor during filtration. (c) Sap
measurements of three films made in parallel using polarized Raman scattering (blue; left vertical axis) and
reduced linear dichroism, LD5(red; right vertical axis). The high and uniform degree of alignment confirms
that each separate arm of the parallelized system is equivalent. Depending on the measurement technique used,
the measured value of Sop on the same film varies substantially. Inset: pictures of the corresponding aligned
SWCNT films. (d) Atomic force microscopy (AFM) height map of film made with 0.03 wt.% DOC. (e) AFM
height profile extracted from the magenta line on (d). Measured film thickness of 178411 nm is on the order
of one nanotube length. From the AFM film profile, a surface roughness, R,, of 11 nm is obtained.
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Figure 2. (a) Graphical depiction of the filtration setup. The height of the SWCNT dispersion, h(t), is
measured as a function of time, ¢, by a computer-monitored camera. (b) Reciprocal of the permeation flux, .J,
as a function of /AP for the 80 nm (red) and 200 nm (blue) pore size membranes. The measured membrane
resistance, Ry, is equal to 2.5 x 10" m™! for the 80 nm pore size membrane and 3.8 x 10 m~! for the
200 nm one. (c) Cake (i.e., the SWCNT film during filtration) resistance, R, as a function of time. As more
SWCNTs are deposited on the membrane surface, the overall resistance to flow increases. Data shown for a
80 nm pore size membrane and a SWCNT concentration of 8 pug/mL. (d) Time-dependence of the measured
SWCNT dispersion volume for different filter pore sizes and pressure conditions. The gravity filtration data and
fit (black curve) denote the flow rate lower limit that is possible with a given membrane pore size. The shaded
regions for both the 80 nm (pink) and 200 nm (purple) membrane pore sizes indicate the accessible region of
achievable flow rates that can be obtained using the results from (b) and (c). Gaps in the data are created
when the meniscus goes behind the glass funnel lip. Starred points denote the film drying process, where the
pressure is increased. (e) Polarized absorbance spectra of a SWCNT film produced using the 200 nm pore
membrane. A half-wave plate (HWP) rotates the light polarization with respect to the alignment direction.
The black dashed line indicates the S;; absorbance feature at 1818 nm of one of the nanotube chiralities. (f)
Normalized polarized S11 absorption of a film made with the 200 nm pore membrane using a constant flow rate
(green) and gravity filtration (purple).



alignment over a substantial SWCNT deposi-
tion amount.

The combination of automation and paral-
lelization enables us to produce multiple copies
of aligned films under a wide range of differ-
ent physical and chemical conditions. Previous
SWCNT alignment protocols have been unable
to achieve a constant filtration flow rate, which
results in a time-varying SWCNT cake (i.e.,
film during filtration) deposition rate, thus hin-
dering optimal SWCNT alignment. In order to
achieve a constant filtration flow rate, which is
expressed as a permeation flux, J (= %),
we first had to empirically determine the mem-
brane resistance, R, and cake resistance, R.:

J AP 7

where g is the viscosity of the permeate
(SWCNT solution), AP is transmembrane
pressure, and R, = QcaeCv With acae as the
specific cake resistance, C' the dispersion con-
centration, and v the filtrate volume per unit
area (see Figure S3 for information about the
measurement of Qeare). FRm, which is inde-
pendently measured through a controlled wa-
ter filtration experiment shown in Figure 2,
is 2.5x 10" m~! for the 80 nm pore-size mem-
brane and 3.8x10'° m~! for the 200 nm pore-
size membrane. While R, is nearly constant
throughout the filtration process, R. increases
with time as the cake is deposited, which is
shown in Figure [2k. Using our determina-
tion of the time-independent R,, and the time-
dependent R., we can then tune AP through-
out the film deposition to keep J constant. It
should be noted that AP is the total (time-
dependent) transmembrane pressure, which is
the sum of the applied pressure, Py,plied, and
the head pressure, pgh(t), where p is the dis-
persion mass density, g is gravitational acceler-
ation, and h(t) is the time-dependent solution
column height.

Figure [2d shows our ability to achieve a con-
stant flow rate for two membrane pore sizes
(80 nm, cyan trace; and 200 nm, green trace)
throughout the entire film deposition process.
Gravity-driven filtration (i.e., no applied pres-
sure; red and purple traces) curves demarcate

the slowest flow rate possible in our system
with a specific R,,, while the colored regions
(pink and purple for 80 nm and 200 nm pore-
size membranes, respectively) indicate the pos-
sible range of flows accessible when external
pressure is applied (see Figure S4 for a more-
detailed view of Figure 2d). The high value of
R,, for the 80 nm pore-size membrane allows
for a greater variability of the flow rate, but
often at lower values of J. Critically, the proce-
dure that we delineate here, measuring R,, and
R. and then tuning AP to maintain a constant
J, paves the way to apply this method to dif-
ferent SWCNT types (laser oven, HIPCO, Co-
MoCAT, arc discharge, etc.) and membranes
with differing pore sizes and materials. As an
example of this utility, we report on the mea-
sured aeare for CoMoCAT SWCNTSs in the Sup-
plementary Information. Thus, our procedure
greatly broadens the applicability and utility of
this filtration-based alignment method.

Throughout this Letter, we use several optical
spectroscopic techniques to determine Syp for
our SWCNT films after they have been trans-
ferred to either a glass coverslip or quartz sub-
strate (see Figure S5 for details regarding the
film transfer). Since SWCNTSs have a highly
anisotropic absorption coefficient, «, polarized
optical spectroscopic techniques are commonly
used to measure nematicity in SWCNTs. In
this work, we rely on three polarized opti-
cal methods to determine nematicity: polar-
ized Raman scattering (Figure S1), reduced lin-
ear dichroism, LD5, and birefringence ratios
(Figure S2; precise formulations are given in
the Supplementary Information). The guiding
principle behind all three methods is graphi-
cally captured by Figure [2e, which shows that
when the optical electric field is parallel to
the SWCNT axis, the on-axis absorption coeffi-
cient, «, is high; in contrast, when the electric
field is orthogonal to the SWCN'T axis, the off-
axis absorption coefficient, o, is suppressed.
Depending on the optical technique, we either
rotate the light polarization angle using a half-
wave plate (HWP), or keep the light polariza-
tion fixed and rotate the SWCNT film; in both
cases, o and a are probed.

The anisotropic SWCNT absorption provides



a way to measure S;p, which as mentioned
above, is our metric for determining align-
ment. To relate Sypto polarized Raman scat-
tering measurements, we use a combination
of polarization-specific geometries with respect
to the vertically-oriented SWCNT absorption
axis:??

Alyy — Inn

Sop = ,
2 Alyy + Iyg + (1 + A) vy

(2)

where Ixy is measured scattering intensity with
the incident (X') and scattered (Y) light polar-
ization oriented vertically (V'; parallel to the
SWCNT axis) or horizontally (H; perpendicu-
lar to the SWCNT axis) and A is the dichroic
ratio A = z—'l We can also use reduced linear
dichroism, LD5, an strictly absorption-based
technique, to measure Sop:+?

LD; (o) —ai)
Sop = —22 = : 3
2D 2 o+ o ( )

In the ideal scenario, all empirical methods
for determining Sspconvergence on the same
value. However, in reality, the measure-
ment method strongly affects the value of
Sop in SWCNTs. In particular, Syp mea-
sured via optical absorption-based methods,
such as LD5p, is likely to significantly underes-
timate SWCNT alignment due to wavelength-
dependent features, such as non-excitonic ab-
sorption and cross-polarized optical transi-
tions.*?3 Although absorption-based measure-
ments of Sop are still valuable, especially for
relative comparisons, the alignment values ob-
tained from these techniques represent the min-
imal degree of SWCNT film alignment averaged
over a millimeter-sized area. This disparity in
Sep measured using different techniques (po-
larized Raman scattering and LD5p,) is clearly
shown in Figure [Ic. Given the significantly re-
duced effect of non-axial SWCN'T spectroscopic
features, we use polarized Raman to determine
Sspwhen possible. We note that excellent work
using terahertz spectroscopy™™ to determine
nanotube alignment is another background-less
technique that achieves highly accurate values
of nematicity.

Figure 2f compares the LD}, of films made

via gravity-driven filtration (purple) and us-
ing a constant flow rate filtration (green). Al-
though the S;; absorption used to calculate
LD5punderestimates the true value of Syp as
discussed earlier, it is very clear from this
figure that greater alignment (i.e., a higher
LD5pvalue) is achieved when the flow rate is
fixed. Thus, although optimization was not
a goal of this work, flow rate control im-
proves reproducibility and nematicity.  Fur-
thermore, when the filtration parameters of a
SWCNT dispersion and nanoporous membrane
have been determined, precise flow rate control
is fully generalizable to other SWCNT popula-
tions.

Along with flow rate control, we also detect
and address a previously unreported effect in
SWCNT films created by the meniscus of the
SWCNT dispersion during filtration. Specifi-
cally, our use of spatially-resolved polarized op-
tical techniques, such as birefringence and po-
larized Raman scattering mapping, reveals the
presence of a radial SWCNT alignment on the
front surface of our films (i.e., the side that faces
upward during filtration). This type of align-
ment (at least in three dimensions) is known
as a spherulite and is commonly observed in
films of 1D crystals when the solution menis-
cus combs (or drags) across the film surface,
which produces a force director that radially po-
larizes the crystals (Figure Bc). As Figures [3
and [3d clearly indicate, we observe this radial
alignment on the surface of our SWCNT films
due to meniscus combing during the final stages
of our filtration; we refer to this feature as a
2D spherulite. To remove this meniscus-created
radial orientation, we increased the hydropho-
bicity of our filtration glassware using a sila-
nation procedure (see Figure S6 and the as-
sociated text in the Supplementary Informa-
tion for details). This technique greatly flat-
tens the meniscus and prevents it from drag-
ging across the SWCNT cake at the end of fil-
tration (Figure [3c). Figures and [3g show
the results of flat-meniscus filtration. In stark
contrast to the traditional SWCNT alignment
method, the nanotubes on both sides of the film
in Figure [3e are well ordered (see Figures S7
and S8 for Raman maps of both front and back
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Figure 3. (a) Cross-polarized microscope image showing the formation of a 2D spherulite (radial surface
SWCNT alignment due to meniscus combing) on the front side of the SWCNT film. Scale bar: 1500 pm.
(b) Cross-polarized microscope image of a SWCNT film created using silanated glassware, a procedure which
significantly flattens the meniscus. Despite imaging over a large area of the film, there are no signs of a 2D
spherulite. Scale bar: 1500 um. (c) Radial alignment of the SWCNTSs (and uneven cake deposition) is created
by meniscus combing at the end of the filtration process. The red arrows indicate the radially aligned force
director at the cake surface. (d) Spatial map of Sap of the front side of the film in (a) as measured by polarized
Raman spectroscopy at 532 nm. The formation a radial pattern and a lack of global alignment across the
front surface of the SWCNT film is clearly observed. The square marker indicates where the Raman spectrum
shown in (f) is taken. (e) Spatial map of Sap for the front side of the film in (b). The high degree of SWCNT
alignment over a large area and distinct lack of a 2D spherulite formation provide strong evidence that the
meniscus flattening eliminates SWCNT radial polarization. The diamond marker indicates where the Raman
spectrum shown (f) is taken. (f) Polarized Raman spectra of films in (a) (left) and (b) (right). The red traces
(Iyy) are measured with the incident and scattered light both polarized along the SWCNT film axis, while the
blue traces (Imy) are measured with the incident and scattered light polarized perpendicular to this axis. These
measurements are necessary for calculating Sop. (g) Scanning electron microscopy image of a SWCNT film
made with 0.03 wt.% DOC. Arrow indicates alignment axis. Scale bar: 500 nm.



film surfaces). Importantly, this double-sided
alignment extends across large distances, which
demonstrates global SWCNT nematic ordering.

Interestingly, depending on the thickness of
the film, the skin depth of the optical probe,
and whether the probe measures reflection or
transmission, the use of polarized optical spec-
troscopy may not unambiguously detect the
presence of a 2D spherulite. This point is
strengthened when one remembers that after
the film is transferred from the membrane to
a substrate, the front film surface during fil-
tration is now the back film surface for opti-
cal measurements, which may not always be as
well measured as the front surface. Figures (3}
and S7c capture the non-obvious signature of
the 2D spherulite behavior: although Sop is
clearly increased when the 2D spherulite is re-
moved through silanating the glassware, the ef-
fect on the measured nematicity is not huge.
Only through the careful spatial mapping of
both SWCNT film surfaces does the radial po-
larization, and thus lack of global ordering, ap-
pear. The high degree of alignment across the
non-spherulite film is additionally supported
through direct imaging techniques like scanning
electron microscopy (Figure [3g), which clearly
indicates excellent SWCNT alignment.

We also investigated the SWCNT alignment
mechanism using our automated filtration sys-
tem with the previously described improve-
ments to the alignment protocol. Figure
shows grooves in the filter membrane created
during the manufacturing process. Although
these grooves are not uniformly spaced or ap-
propriately sized for the nanotubes we are us-
ing, they still raise an important question about
whether or not they play a role in nanotube
alignment. To help address what part, if any,
these channels play in nanotube alignment, we
augment the grooving by sweeping an ethanol-
wetted wipe across the top surface of the fil-
ter membrane along the initial groove direction
(Figure [4p) prior to filtration. We compared
the resulting SWCNT film to one made with
a filter membrane swept with a water-wetted
wipe to attempt to keep the mechanical groov-
ing the same in both cases. As shown in Figure
S9, the ethanol-wiped filter membrane increases

the SWCNT film alignment considerably going
from a LD5p-determined Sop of 0.26 to 0.42. In
contrast, the film made with the water-wiped
membrane had nearly an identical Sop(= 0.27)
as the SWCNT film made without any fil-
ter pretreatment. This ethanol-wiped enhance-
ment strongly suggests that ordered charging,
instead of mechanical grooving, is responsible
for increased SWCNT alignment. We note that
a similar increase in SWCNT alignment was
observed in self-assembled SWCNT nanowires
when the glass substrates were directionally
wiped with ethanol.*?

Along with charging the membrane, inter-
SWCNT electrostatic interactions are another
significant factor determining Sop. As shown
previously,*® the DOC concentration of the
SWCNT solution strongly impacts the achiev-
able Sop (Figure ) This observation may
be due to a decreased Debye length electro-
static interaction scale between (1) individual-
ized SWCNTs and (2) SWCNTs and the mem-
brane, as the DOC concentration is increased.
Additionally, there may be a role play by an
(assumed) increase in the coverage of nanotubes
by surfactant molecules that occurs with larger
DOC concentrations. The measured Ssp scal-
ing with DOC concentration strongly guided
our decision to use solutions with 0.03 wt.%
DOC concentration, which is over an order of
magnitude below the critical micelle concen-
tration.”®® Further experiments using NaCl to
tune the ionic strength confirm that as the tube-
tube electrostatic interactions decrease due to
increased screening, the SWCNT nematicity
plummets (Figure [4[).

The strong role played by directional charging
and inter-tube electrostatics suggests that the
Debye length effect discussed earlier likely dom-
inates: that is, the director field for SWCNT
alignment is very likely transmitted via electro-
static interactions. Although mechanical mem-
branes grooves may play a minor role in nan-
otube alignment, the large size of the grooves,
lack of groove uniformity, and their relative
irregularity all suggest that they are not di-
rectly responsible for SWCNT alignment. In-
stead, one hypothesis that fits our observations
is that linear arrays of charge are formed on
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Figure 4. (a) Microscope image of a membrane used for the filtration process. Small grooves (indicated by
the red arrows) are observed on the surface, which are created from the membrane production process. Scale
bar: 250 um. (b) Although groove density is increased when the membrane PVP surface in (a) is swept with
ethanol-wetted wipe, we find that the grooving is not as important as charging. Scale bar: 250 pum. As
the concentration of (c) DOC and (d) NaCl increases (i.e., inter-SWCNT electrostatic interactions decrease),
the birefringence intensity ratio of the SWCNT film is sharply depressed. These behaviors confirm that the
inter-nanotube electrostatic environment is critical to the formation of aligned SWCNT films. For clarity,
representative error bars are shown for five points. (e) Graphical depiction of our proposed model for ordered
SWCNT formation. Charges puddle on the filtration membrane in quasi-linear chains created by intentional
wiping. These electrostatic fields, in competition with the complex electrostatic inter-nanotube environment,
compete to produce an aligned SWCNT phase on the membrane.

10



the filter membrane, as depicted in Figure [dp.
It is unclear whether these charges would be
caused by physically aligning (charged) PVP
polymers, directionally tribocharging the mem-
brane, or a combination of both.”*® Regard-
ing the polymer orientation hypothesis, the me-
chanical processing of the filter membranes,
which creates the observed grooving in Fig-
ure {4, very likely has the additional property
of aligning the (charged or easily ionized) PVP
polymer molecules that make up the membrane
coating. When charged, these linearly-oriented
molecules would then produce SWCNT align-
ment along a common axis that coincides with
the grooves. The phenomenon of directional
charging has been observed in a host of situ-
ations by numerous researchers, including ef-
forts to pattern surface charges®®°! and to align
particles via electrostatic puddling.®? Similar
alignment behavior is also observed with sub-
strate “buffing” for liquid crystals and polymer
substrates. 20280304 Degpite the well-known ex-
istence of an electrostatically created director
field, the actual mechanism behind the effec-
tiveness of buffing is still in dispute and is be-
lieved to vary with the substrate type. Further
work on how to enhance and control charge ar-
raying on filter membranes is ongoing.

In summary, we have created an automated,
parallelized SWCNT filtration system that can
create simultaneous and reproducible SWCNT
films with a high degree of true global align-
ment. We find that holding the filtration flow
rate constant using our pressure-controlled sys-
tem enhances the nematic order of our films.
In addition, we both measure and remove 2D
spherulite formation on the front-surface of the
SWCNT films by flattening the meniscus us-
ing silanated glassware. We propose that di-
rectional charging on the filter membrane and
inter-SWCNT electrostatic interactions are the
two driving forces behind the alignment of nan-
otubes using this filtration technique. Our in-
novations on the SWCNT filtration method, as
well as the results described here, pave a clear
path for both research- and industrial-scale im-
plementation of highly aligned SWCNT films
from aqueous solutions.
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