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ABSTRACT: Boron nitride nanotubes (BNNTSs) are gaining
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significant interest due to their outstanding mechanical and thermal i : Z \\ : 23 Az l: & " . 2
properties, as well as their potential to serve as a model nanorod | R o wa o
system. Processing BNNT liquid crystalline (LC) dispersions - Q B . \h .« 32 AR
enables precise control over BNNT orientation in macroscopic Gl S n\q P ~
assemblies, while their low absorption in the visible spectrum ; & o L. e O
facilitates studying LCs at exceptionally high concentrations. Here, =l . .-
we investigate the behavior of BNNTs in aqueous solutions g e ° o/; B BE
stabilized by the surfactant sodium deoxycholate (SDC), examining s EROS. : =

the effect of BNNT purity and BNNT—SDC concentrations on . ECEY o % = mas
lyotropic LC formation. We disperse up to 15 wt % BNNT in SDC gl h;:m = « -
solutions and use polarized light microscopy to detail the transition /" PM T Weight % of BNNTs LM

from an isotropic state to a biphasic regime, where isotropic and

nematic domains coexist due to phase separation, to a single fully nematic phase. Cryogenic electron microscopy provides direct
evidence of BNNT alignment within nematic domains. Our results show that enhanced depletion-induced attractions, driven by
increased surfactant concentration, lower the threshold concentration of BNNT required to form nematic domains. In contrast, low
surfactant concentrations relative to BNNT result in insufficiently coated nanotube surfaces, leading to poor dispersions and BNNT
aggregation. Additionally, we fabricate well-aligned BNNT films from aqueous LC dispersions. Our findings advance the
understanding of BNNT LCs, offering insight into controlling their orientation and highlighting their potential for high-performance

Downloaded via CHRISTOPHER NEWPORT UNIV on June 25, 2025 at 19:38:22 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

materials.

B INTRODUCTION

Boron nitride nanotubes (BNNTSs) are electrically insulating*
lightweight nanoscale building blocks with outstanding
mechanical® and thermal®~® properties.” Structurally, BNNTSs
can be conceptualized as tubular structures, reminiscent of
carbon nanotubes (CNTs), obtained by rolling a hexagonal
boron nitride (h-BN) sheet into a seamless cylinder. Their
utilization in advanced applications, such as structural materials
in aerospace equipment and thermal management in
electronics, depends on translating the superior properties of
these building blocks, which are realized at the nanoscale along
the long nanotube axis, into the final macroscopic materials.
Therefore, achieving precise control over the orientation and
packing of BNNT' within macroscopic assemblies is critical, as
it directly enhances the mechanical strength and thermal
efficiency of the materials, ensuring optimal performance in
harsh environments. An effective method to fabricate aligned
BNNT assemblies is through liquid processing of BNNT
dispersions that exhibit a liquid crystalline (LC) phase.®”"
The emergence of the LC phase promotes self-assembly,
uniform alignment, and precise control over the orientation of
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individualized nanotubes. This approach simplifies the
fabrication process, making it cost-effective and scalable for
industrial applications. Moreover, BNNT LCs exhibit low light
absorption, making them an intriguing model system for
studying complex fluids composed of nanorods in regimes
where CNT LCs have proven challenging to investigate (e.g.,
thick samples)."”

Concentrated BNNT LCs have been obtained by dissolvin§
highly crystalline BNNTs in chlorosulfonic acid (CSA).
Individualization of BNNTs in CSA through Coulombic
repulsion is due to protonation of the nitrogen atoms of the
outer BNNT wall, which leads to a positive net charge on the
BNNT surface.'® Simonsen Ginestra et al.® reported the
formation of highly birefringent nematic domains of BNNTSs in
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CSA at concentrations above 0.0170 wt %, indicating
isotropic—nematic phase transition. The nematic alignment
of high-purity BNNTs in CSA has also been observed via
cryogenic electron microscopy.'” Macroscopic assemblies, such
as films and fibers of partially aligned BNNTSs have been
fabricated from BNNT—CSA solutions.”'® Although CSA
effectively dissolves BNNTs without the need for compatibiliz-
ing agents, it is a strongly oxidizing acid that reacts with
moisture to form gaseous HCIL Therefore, CSA poses
difficulties of environmental control and material compatibility,
particularly when working in a general laboratory environment.
Moreover, LC formation in CSA requires highly purified
BNNTSs and brief sonication of samples, which may further
limit the method applicability.® Hence, exploring alternative
preparations that can be easily implemented in most laboratory
settings is desirable for the broader study of BNNT fluids and
their ensuing assemblies.

Aqueous dispersions of BNNT's using noncovalent function-
alization routes, such as polymers,l()_21 biomolecules, > **
surfactants”*>" have been widely reported.”” Yet, only a few
studies have demonstrated the formation of LCs in such
systems. Lim et al.”' reported the formation of LCs of BNNTs
dispersed in different polymeric stabilizers, including poly-
(vinylpyrrolidone), poly(4-vinylpyridine), and poly-
(vinylpyrrolidone-r-vinylimidazole). These LCs were prepared
by concentrating dispersions through evaporation, achieving
up to 22 wt % BNNT. These systems exhibited Schlieren
textures under polarized light microscopy (PLM) and showed
rheological behavior characteristic of LCs in shear rheometry.
Fiber spinning of these BNNT LCs revealed that fiber
properties strongly depend on the degree of BNNT alignment
and type of stabilizer used. Given the difficulty of removing
polymers from the final composites, identifying alternative
dispersants that are easier to extract becomes crucial for most
applications. Kode et al.”* and Zhi et al.*° fabricated films by
concentrating BNNT—DNA dispersions through evaporation
and filtration, respectively. Although the self-assembly of
aligned BNNTs in these films suggests the formation of LC
phase during the process, detailed investigations were not
reported. Recently, Ko et al.*® studied purification of BNNTs
dispersed in sodium cholate (SC) via a polymer two-phase
extraction. Concentrating the purified BNNTs in SC solution
inside a sample cell by evaporation enabled BNNT alignment
within birefringent nematic domains. Concentrating BNNT—
SC dispersions via slow filtration has also led to the
spontaneous alignment of BNNTSs into polycrystalline
domains.”" While surfactants, such as SC, are easy to remove
from the final macroscopic materials,"" detailed examinations
of the phase behavior of BNNT—surfactant systems, including
the complex interplay between phase separation and phase
transitions, remain unexplored.”>*”

Here, we prepare highly concentrated, stable aqueous LC
dispersions of BNNTSs, up to 15 wt %, stabilized by sodium
deoxycholate (SDC). Via PLM, we show that concentrated
BNNT-SDC dispersions form large nematic LC domains. We
study the effect of BNNT material purity and BNNT—SDC
concentrations on the LC formation, construct the first phase
diagram of BNNTs dispersed in surfactants, investigate the
dispersion state with cryogenic electron microscopy (cryo-
EM), and demonstrate the scalable processing of BNNT
aqueous LC dispersions into aligned films.

and

B EXPERIMENTAL SECTION

Preparation of Concentrated BNNT LC Dispersion. BNNTs
were produced by BNNT, LLC (Newport News, VA) by the high-
temperature—pressure method (HTP).>* As-synthesized BNNTs
were refined to remove residual elemental boron (we call this
material lightly purified BNNTs: LP-BNNTSs; product code: SP10-R).
Further purification etches nanoscale nonnanotubular BN species,
such as nanosheets, nanocages, and amorphous BN, creating highly
purified BNNTs (HP-BNNTSs; product code: high purity BNNT).>*
Concentrated LC dispersions of LP-BNNTs and HP-BNNTSs were
prepared by a two-step process: predispersion by speed-mixing and
microscopic homogenization by sonication. Initially, 45 mg of BNNTSs
were added to 0.3 mL of SDC (>98% BioXtra, purchased from
Sigma-Aldrich) in water (1—10 wt % SDC) and mixed for 4 h with a
FlackTek DAC 150 SpeedMixer at 3500 rpm, forming a viscous
dispersion. Visually homogeneous dispersions were obtained using
SDC solutions at concentrations of 4 wt % and above. At lower SDC
concentrations, the dispersions consisted of visible large BNNT
clusters. These dispersions were rendered homogeneous by the
addition of SDC solution. Following predispersion, a few microliters
of the dispersion were encapsulated in a rectangular glass capillary
(VITROCOM, VitroTubes 5012-050, 0.1 mm X 1 mm X 50 mm) by
flame and epoxy. The encapsulated dispersions were bath-sonicated
(Branson, Series CPXH) at 40 kHz for ~10 s to individualize the
BNNTSs and promote the formation of large LC domains. The BNNT
concentrations for all samples were adjusted by diluting with the
original surfactant solution to maintain a constant surfactant
concentration. After each dilution, the samples were speed-mixed
for 30 min prior to encapsulation in glass capillary and bath
sonication.

For cryo-EM investigations and film fabrication, dispersions of HP-
BNNTs in SDC were prepared by speed-mixing, followed by
ultrasonication for 2 h. For each sample, ultrasonication was
performed on the entire dispersion (0.3—1 mL) using Misonix
sonicator 4000 equipped with a cup horn with a 14.0 cm inner
diameter cup and a 6.4 cm horn diameter, operated at 20 kHz and
100% amplitude. The temperature of the cup was maintained at 15 °C
during sonication using a cooling system.

Thermogravimetric Analysis. Thermogravimetric analyses
(TGA) of BNNT puffballs and films were conducted using a Mettler
Toledo TGA/DSC equipped with an autosampler. The samples were
placed in 70 uL alumina crucibles. The temperature program
consisted of an initial hold at 120 °C for 30 min under 100 mL/
min flow of air to ensure moisture removal. Following this period, the
temperature increased incrementally to 1200 °C at 10 °C per minute.

Light Microscopy. Polarized light microscopy (PLM) analyses
were performed using a Zeiss Axioscope S microscope, equipped with
a Zeiss Axiocam 208 camera and a 10 W white LED for transmitted
light illumination. A A/4, 6 X 20 compensator was utilized for the
detailed phase transition studies. Image contrast for all PLM
micrographs was uniformly adjusted across all samples using open-
source Image] software. For the birefringence studies of films,
transmitted light intensity was measured by averaging the pixel values
throughout the visual field.

Electron Microscopy. Scanning electron microscopy (SEM)
analysis of the dry material was performed using an FEI Helios
NanoLab 660 SEM/FIB for BNNT purity assessment and an Apreo
ChemiSEM system for film alignment assessment. For purity
assessment, ~0.1 mg of BNNTs were dispersed in 10 mL of 2-
propanol (HPLC grade) via tip sonication for 2 min. S0 uL of the
dispersions were placed on a silicon substrate and allowed to dry in air
at room temperature. BNNT films were directly imaged on glass
substrates without applying a conductive coating, at an accelerating
voltage of 1 kV, and a working distance of about ~3 mm, using the
high-resolution in-the-column secondary electron detector.

High-resolution transmission electron microscopy (HR-TEM) was
conducted using FEI Titan Themis® S/TEM at 300 kV. 50 uL of
BNNTs dispersed in 2-propanol were drop-cast on lacey carbon grids
and allowed to dry in air at room temperature.
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Figure 1. Electron microscopy of lightly purified BNNTs (LP-BNNTs) and highly purified BNNTs (HP-BNNTs). (a) Scanning electron
microscopy (SEM) micrographs of LP-BNNTs showing a network of BNNT bundles together with large agglomerates of BN nanosheets
(indicated by red arrows) and nanocages (indicated by white arrows). (b) SEM of HP-BNNTs displaying minimal h-BN presence compared to LP-
BNNTs. (c) Transmission electron microscopy (TEM) of LP-BNNTs displaying high concentration and large BN nanocages. (d) TEM of HP-
BNNTs with fewer and smaller nontubular nanostructures, indicating higher purity. Higher-resolution TEM of (e) LP-BNNTs and (f) HP-
BNNTs, highlights clean surfaces of HP-BNNTSs compared to LP-BNNT surfaces surrounded by amorphous BN (indicated by the yellow arrow).

Cryo-SEM was performed using a Zeiss Ultra Plus HR-SEM
microscope, equipped with a field emission gun and a Leica VCT 500
cold-stage system. The specimen was maintained at —145 °C and
imaged without a conductive coating. Low electron beam acceleration
voltages (1 kV) and short working distances (up to 4 mm) were used
to avoid specimen charging and imaging artifacts. Micrographs were
taken with an in-the-column HR secondary electron detector. Cryo-
SEM specimens were prepared in a controlled environment
vitrification system (CEVS),*® saturated with water vapor. The
dispersion was applied on a TEM grid and excess material was blotted
with a filter paper to obtain a thin layer of the sample. The specimen
was plunged into liquid ethane and transferred into the microscope
and maintained under cryogenic temperatures using a Leica EM VCM
(vacuum cryo manipulation) system and EM VCTS00 (vacuum cryo
transfer) system.

Cryo-TEM was performed with an FEI (now Thermo Fisher
Scientific) Talos 200C TEM, equipped with a field emission gun, and
operated at 200 kV. Imaging was conducted in the low-dose mode of
the TEM software, with image contrast enhanced using the Volta
phase plate. Images were recorded by a Falcon III direct-imaging
camera with the TIA software package. Cryo-TEM specimens were
prepared in CEVS maintained at 25 °C, and saturated with water
vapor. 3 L of the dispersion was applied to a TEM copper grid with a
supporting perforated carbon film. To form a thin film, excess material
was blotted using a filter paper. The specimens were allowed to relax
for 30 s to prevent artifacts from the blotting step. Specimens were
vitrified by plunging into liquid ethane and then loaded into a Gatan
626 cryo-holder under liquid nitrogen. During imaging, the specimens
were maintained in the TEM at —180 °C.

BNNT fiber cross-sectional lamella for TEM was prepared using an
FEI Helios NanoLab 660 SEM/FIB. A 10 wt % HP-BNNT dispersion
in S wt % SDC was loaded into a 1 mL syringe and injected into an
ethanol bath, where it coagulated into a fiber. To protect the BNNTSs
from damage by the focused ion beam (FIB), a carbon layer of
approximately 1 pm thick and 3 um wide was deposited on the
surface of the fiber. The fiber was then subjected to gallium ions from
the FIB source to obtain a ~3 um thick cross-section. This cross-
section was transferred on a half TEM grid and further thinned by FIB
until the final lamella thickness reached ~100 nm. TEM imaging was
performed using an FEI Titan Themis® S/TEM operated at 300 kV.

Atomic Force Microscopy. Atomic force microscopy (AFM) was
performed by a Nanoscope IIla scanning probe microscope from

Digital Instruments using a tapping mode. All micrographs were
processed using the Gwyddion software package. Freshly cleaved mica
was placed on a hot plate at ~120 °C and primed with 20 mM MgCl,.
All BNNT dispersions were diluted to 0.01 wt % BNNT by the
corresponding SDC solution. Diluted dispersions were transferred to
a spray bottle and misted once over the mica surface. Excess
surfactant was removed by dipping the mica into water, then soaking
the mica in methanol for at least 1 min to remove any remaining
surfactant. Immediately after washing, the samples were dried at 110
°C for at least 1 h before imaging. The thickness of the BNNT films
was characterized using a Park AFM NX20 Microscope using a
tapping mode after transferring the film to a mica disk and allowing it
to dry in air.

X-ray Diffraction. X-ray diffraction (XRD) patterns were acquired
using a Rigaku SmartLab II instrument. Experiments were conducted
on BNNT films coagulated in chloroform and washed in IPA and
water. Films were placed on clean glass slides, and dried in an oven for
2 h at 115 °C. HP-BNNTSs were tested in their as-received form by
compressing a “puffball” into a flat disk, which was then placed on a
zero-background holder with a S mm X 0.2 mm well. The diffractions
were collected over a 26 range from 10 to 80° with a step size of 0.05°
and scanning rate of 3°/min, using Cu Ka X-rays (wavelength 1 =

1.54059 A).

B RESULTS AND DISCUSSION

BNNTs were produced by BNNT, LLC via the high-
temperature—pressure method (HTP).** The synthesized
BNNTSs were purified by high-temperature steam treatment.”
Here, refined BNNTSs are referred to as lightly purified BNNTSs
(LP-BNNTs), while BNNTSs that undergo further purification
are referred to as highly purified BNNTs (HP-BNNTs).
Thermogravimetric analysis (TGA) in air on both LP- and HP-
BNNTs shows no mass gain below 900 °C, indicating the
complete removal of residual elemental boron. Above 900 °C,
the increase in mass is attributed to the oxidation of BN
species (Figure S1).%

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) provide a qualitative comparison
between the purity of LP- and HP-BNNTs. SEM of LP-
BNNTSs reveals a network of BNNT bundles, as shown in
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Figure 2. Transmitted polarized optical microscopy of 15 wt % LP- and HP-BNNT dispersions in 5 wt % SDC encapsulated in flame-sealed
rectangular capillaries (I mm X 0.1 mm). For the LP-BNNT dispersion: micrographs without polarizers (a) exhibit relatively strong light
absorption, and with crossed polarizers at (b) 0°/90° and (c) 45°/135° display discontinuous, weak birefringent domains coexisting with isotropic
regions that remain dark at all polarization angles. In contrast, micrographs of HP-BNNT dispersion without polarizers (d) demonstrate lower light
absorption due to lower BN impurity content, and with crossed polarizers at (e) 0°/90° and (f) 45°/135° reveal small, bright birefringent domains.
After sonicating the capillary of the HP-BNNT dispersion, micrographs without polarizers (g) present a more homogeneous dispersion, and with
crossed polarizers at (h) 0°/90° and (i) 45°/135° reflect merging the smaller liquid crystalline domains into continuous ones spanning the entire

capillary.

Figure 1la, coexisting with agglomerated BN nanosheets
(indicated by red arrows) and nanocages (indicated by white
arrows). SEM of HP-BNNTs in Figure 1b shows a network
where the presence of BNNTs is remarkable, indicating
successful removal of impurities. Low-magnification TEM
images highlight the differences in size and concentration
between the impurities remaining in LP-BNNTs compared to
HP-BNNTs, as shown in Figure 1c,d, respectively. The
nanocages in LP-BNNTs are significantly larger, up to ~210
nm in diameter, while in HP-BNNTs, the largest nanocage
observed was ~62 nm in diameter. The nanocages in both
samples appear hollow, indicating the removal of elemental
boron, which is consistent with the TGA results. High-
resolution TEM images reveal the surfaces of LP-BNNT to be
partially wrapped by amorphous BN, as indicated by the yellow
arrow in Figure le, in contrast to the cleaner surfaces observed
in HP-BNNTs (Figure 1f).

The propensity to form liquid crystalline domains was
studied for both LP- and HP-BNNTs. Highly concentrated
dispersions of 15 wt % LP- and HP-BNNTs in S wt % SDC
aqueous solutions were prepared directly by speed-mixing,
avoiding more complex multistep processes reported in the
literature.”™"*"*” The two dispersions were encapsulated in
sealed glass capillaries and imaged via PLM. While slight
differences can be appreciated between the dispersions in
terms of translucency, both dispersions appeared macroscopi-
cally homogeneous (Figure S2); however microscopic
examination by transmitted light without polarizers revealed
that both dispersions contained aggregated BNNTs. BNNT
aggregation, shown in Figure 2a,d, indicates incomplete BNNT
dispersion due to insufficient energy provided by speed-mixing
to overcome van der Waals attractions between bundled
BNNTSs, hindering efficient BNNT bundle exfoliation and

surfactant coating. The LP-BNNT dispersion (Figure 2a)
displays a stronger light absorption relative to the HP-BNNT
dispersion (Figure 2d) stemming from the higher concen-
tration of BN impurities in LP-BNNTs. Figure 2b,c show LP-
BNNT dispersion between crossed polarizers at 0°/90° and
45°/135°, respectively, revealing weak birefringence with large
regions that remain dark at all polarization angles. This implies
low molecular ordering, prevented by nonnanotube BN
impurities. However, the HP-BNNT dispersion between
crossed polarizers (Figure 2e,f) displays bright birefringent
regions, suggesting the formation of aligned domains of
BNNTs. These domains appear small and coexist with
isotropic regions, caused by the incomplete dispersion of
BNNTs. Bath sonication of the capillary for ~10 s promotes
LC formation by merging the smaller liquid crystalline
domains into continuous birefringent domains that span the
whole capillary. This alignment is assisted by geometric
confinement.® Under unpolarized transmitted light, the
sonicated capillary of HP-BNNT dispersion exhibits a more
homogeneous dispersion with fewer aggregates, as evidenced
in Figure 2g. Figure 2h,i present crossed-polarized images of
the fully nematic LC phase of BNNT—SDC dispersion.
Although Schlieren textures are typically observed in
nematic LCs, our current system does not exhibit clear
Schlieren textures. This is presumably due to perturbations
caused by sonication. Even in unsonicated capillaries, the
dispersion appears as small aggregates rather than defined
textures. Previous studies of CNT dispersions have shown that
smaller-diameter and shorter CNTs yield disturbed textures,
while larger-diameter CNTs give rise to well-defined Schlieren
textures. ** The BNNTs used here (D ~ 4.54 nm, L ~ 0.45
um) have a lower aspect ratio compared to previously reported
BNNT—CSA LC solutions (D ~ 5.6 nm, L ~ 1.54 um), which
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Figure 3. A series of transmitted polarized optical microscopy images of 15 wt % HP-BNNT dispersion in 5 wt % SDC, captured at 15° increments
of crossed polarizers rotation. The LC texture shows three nematic domains with different elastic distortions: disclination point with two brushes
indicative of splay distortion (solid white arrow), smoothly arced bands indicative of bend distortion (dashed white arrow), and regions that do not
fully extinct at all polarization angles, which may be due to a twist in the nematic director (dashed white box).

were reported to display Schlieren textures at ~0.73 wt %
BNNT concentration in unsonicated capillaries.” However, the
higher BNNT concentration in our samples significantly
increases dispersion viscosity, hindering uniform shear align-
ment during speed-mixing. This results in fragmented domains
resembling aggregates. Indeed, at high BNNT concentrations
in CSA (S wt % HP-BNNTSs), unsonicated capillaries similarly
show fragmented domain textures consistent with our
observations (Figure S3). At lower BNNT concentrations,
both systems display textures resembling those reported by
Simonsen Ginestra et al,,” which closely approximate Schlieren
textures but remain disturbed (Figure S4).

The liquid crystalline texture of 15 wt % HP-BNNT in the 5
wt % SDC dispersion reveals a nematic phase with splay and
bend distortions, and an indication of twist distortion. Figure 3
shows a series of PLM images acquired between crossed
polarizers rotated by 15° increments with three highlighted
characteristic domains (see Movie S1 in the Supporting
Information for continuous rotation of polarizers). The region
highlighted by the solid white arrow shows a disclination point
with two dark brushes. The region between the dark brushes
becomes progressively extinct as the polarizers are being
rotated. Unlike Schlieren textures, in which dark brushes
connect different defects,® this region shows a singular defect
of splay distortion. Smoothly arced bands, highlighted by the
dashed white arrow, along with two dark brushes sweeping
over them in the direction of the polarizers’ rotation, indicate a
large bend distortion. Highlighted by the dashed white box is a
region in which small areas are never fully extinct at any
polarization angle, which may be due to nematic domains
exhibiting twist distortions. In fact, in many regions exhibiting
splay and bend distortions, localized domains persist without
reaching complete extinction at any polarization angle (see
Movies S2 and S3 in the Supporting Information). While twist
distortions are not as common as splay or bend distortions in
nanotube LC systems without surface anchoring,™ geometric
confinement and mechanical stresses, induced by sonication,
may produce localized twist distortions that contribute to the
overall complexity of the nematic director field."'~* Overall,
the LC textures in capillary-confined and sonicated BNNT—
SDC dispersions suggest that twist distortions are more
energetically favorable than splay or bend distortions.

Bath-sonicated capillary of LP-BNNT dispersion reveals the
formation of the LC phase (Figure SS). However, the
birefringence is weak, compared to HP-BNNT dispersion,
indicating that the presence of impurities hinders the
formation of highly ordered LC domains. Collectively, these
findings underscore the influence of sonication and BNNT
purity on the quality and optical properties of the dispersions,
similar to earlier findings for BNNT LCs in CSA.”

The arrangement of HP-BNNTSs within the LC phase was
further examined by cryogenic temperature-SEM (cryo-SEM).
For this investigation, 1 mL of 15 wt % HP-BNNT dispersion
in § wt % SDC contained in a glass vial was cup-horn
sonicated, rather than capillary sonicated, to promote LC
formation at a larger scale than previously discussed (see
Figure S6). It is noteworthy to mention that BNNT—SDC LC
dispersions did not show a significant phase separation
microscopically after several weeks (Figure S7). The cryo-
SEM micrograph, shown in Figure 4a, displays the alignment
of HP-BNNTSs with a lack of positional order, a characteristic
of nematic liquid crystals. To inspect the internal structure of
the BNNT LC, the vitrified specimen was subjected to a
controlled etching process by increasing its temperature to
—100 °C for 5 min and then cooling it back to —145 °C. This
process permitted water from the specimen surface to sublime,
revealing inner structural details. The small thickness of the
specimen allowed etching without causing undesirable
crystallization. Figure 4b reveals the inner layer of the
BNNT LC domains showing local alignment with varying
orientational directors between neighboring domains (see
white arrows). Additionally, we observe that the LC domains
are composed of SDC-coated BNNTs, while impurities and
surfactant residuals are found between neighboring domains.
We did not observe clear disclination points, at which BNNT's
changed orientational order between domains. This explains
the absence of Schlieren textures in the BNNT—SDC LC
system compared to CNT—surfactant systems wherein LCs
were prepared by filtration.””** Figure 4c shows direct imaging
evidence of BNNT alignment into a wide nematic LC.
Investigating the arrangement of BNNTs in LC dispersions via
PLM and cryo-SEM uncovers the potential of sonication for
exfoliating BNNT bundles and promoting LC formation,
which is critical for their processing into macroscopic
assemblies.
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Figure 4. Cryogenic-SEM micrographs of 15 wt % HP-BNNT
dispersion in S wt % SDC, captured (a) as prepared, and imaged at
—145 °C. Despite the low contrast between the BNNTSs and the
surrounding water, a general directionality of the BNNTs, along the
red arrow, is obtained. Exposing the inner structure of the BNNTSs
(b,c) after holding the specimen at —100 °C for S min, shows
domains of nematic BNNT alignment with local alignment and
varying orientation directors between neighboring domains [see white
arrows in (b)], along with wider ordered nematic domains as shown
in (c). Note the aligned domains are composed of pure SDC-coated
BNNTSs, while impurities/surfactant residuals separate between
neighboring domains.

Determining the phase transition concentrations of BNNT's
in surfactant systems is also essential for fabricating high-
performance assemblies. Therefore, the 15 wt % HP-BNNT
dispersion was diluted to study the phase transition while
maintaining constant surfactant concentration at 5 wt %. The
concentration of S wt % SDC was chosen for this study
because BNNT dispersions that form liquid crystals required at
least S wt % SDC, as will be discussed later in this paper. At §
wt % BNNTs, the texture between crossed polarizers exhibits
bright and dark regions, as shown in Figure Sa, which alternate
in birefringence at different polarization angles (Figure S8).
These observations suggest that the dispersion at 5 wt %
BNNTSs contains LC domains. The arrangement of BNNTSs in
this phase was investigated by placing a retardation plate at 45°
to the polarizers, as indicated by the red arrow in Figure 5. A
quarter wavelength retardation plate assists in determining the
orientation of BNNTs in LC domains and enhances the
contrast near isotropic cloud points by converting linearly
polarized light into circularly polarized light. The right triangle
of Figure Sa shows additive blue color and subtractive orange
color, indicating the arrangement of BNNTs parallel and
perpendicular to the optical axis of the retardation plate,
respectively. At 2 wt % BNNTS, regions of optical anisotropy
do not extend throughout the entire capillary, as observed in
Figure Sb. Instead, they coexist with small dark regions that
remain dark at all polarization angles (Figure S9). The right
triangle of Figure Sb shows a purple color between the additive
(blue) and subtractive (orange) domains which suggests that
BNNTs situated between neighboring domains have a higher

degree of deviation from their local alignment direction. This
state is indicative of a biphasic system at the threshold of
transitioning to fully nematic LC. At 1 wt % BNNTs, the
isotropic phase dominates with very small birefringent
domains, as shown in Figure Sc, indicated by white arrows
(see Figure S10 for all polarization angles). The retardation
plate enhances the contrast and allows the direct observation
of localized birefringent nuclei or “swarms”, as shown in the
right triangle of Figure Sc. These swarms grow smaller or larger
at lower or higher BNNT concentrations, respectively.
Therefore, this condition suggests a biphasic state, nearing
the isotropic cloud point. At an even lower concentration of
0.5 wt % BNNTS, shown in Figure 5d, the dispersion exhibits a
uniform optical field, devoid of any birefringent textures, even
with enhanced contrast, indicating the dispersion has reached
the isotropic phase in which the BNNTs lack alignment (see
Figure S11 for all polarization angles).

In the biphasic coexistence regime, spindle-shaped nematic
tactoids of two morphologies, homogeneous and bipolar, were
observed throughout all BNNT dispersions prior to sonication.
Between crossed polarizers with a quarter wavelength
retardation plate at 45° to the polarizers, homogeneous
tactoids exhibited bright birefringence and extinction at +45°
(blue at +45°, orange at —45°) and 0°, respectively, indicating
the arrangement of BNNTSs along the long-axis of the tactoid
(Figure Se). Bipolar tactoids showed similar birefringence to
the homogeneous tactoids at +45° (Figure Sf). However, at 0°
(or small tilt angles, +10°), their lower-right and upper-left
quadrants appeared blue, indicating BNNT alignment parallel
to the optical axis of the retardation plate, while the opposing
quadrants appeared orange, indicating perpendicular alignment
to that axis. These observations align with the expected
arrangement of BNNTSs in bipolar tactoids and are consistent
with the prior report of BNNT tactoid behavior in CSA
solutions.® The average major axis lengths of homogeneous
and bipolar tactoids in 1 wt % BNNT and 5 wt % SDC
dispersion are 7.25 and 10.48 um, respectively, which are
smaller than those reported for BNNT bipolar tactoids in CSA
(~20 pm).® Small tactoids exhibit a homogeneous director
field, whereas larger tactoids show a bipolar director
configuration, consistent with previous observations of CNT
tactoids.””* As tactoids grow, their shape transitions from
elongated (average aspect ratio ~5.09) to spheroidal (average
aspect ratio ~2.66) (Figure S12).

The experimental isotropic cloud point (where the
isotropic—nematic separation occurs) and nematic cloud
point (where the system transitions to fully nematic) were
determined by averaging the concentrations at which the
transitions were observed. Therefore, the experimental
isotropic cloud point and nematic cloud point are 0.75 wt %
(0.50 vol %) and 2.5 wt % (1.68 vol %), respectively. The
conversion from wt % to vol % was performed using the
following equation

wt %pNNT
Vol % = B X 100
BNNT
p (wt Yoy . 100 — Wt %par )
BNNT PBNNT Polvent
(1)

where the density of BNNTs (pgynr) Was averaged from
values reported in literature,*>*” resulting in an average of 1.5
g/mL, and the density of the solvent (pen:) Was assumed to
be the density of water.
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Figure S. Phase transition of HP-BNNT in S wt % SDC dispersions between crossed polarizers with quarter wavelength retardation plate at 45° to
the polarizer. (a) PLM images at S wt % HP-BNNT reveal a fully nematic liquid crystalline phase. (b) PLM images at 2 wt % HP-BNNT present
large birefringent domains coexisting with small isotropic regions, indicating a biphasic state close to the nematic cloud point. (c) At 1 wt % HP-
BNNT, the presence of locally ordered nuclei, or “swarms,” (white arrows) suggests nearing the isotropic cloud point. (d) PLM images at 0.5 wt %
HP-BNNT show an isotropic phase without any birefringent texture, which persists even under the retardation plate, confirming the absence of
ordered structures. Note: Extra contrast was applied to (c,d) to enhance visibility. All bottom left triangles are PLM images obtained between
crossed polarizers at 0°/90° without retardation plate. All upper-right triangles are PLM images captured between crossed polarizers at 0°/90° and
a quarter wavelength retardation plate placed 45° to the polarizers (red arrow). Spindle-shaped BNNT tactoids in the biphasic coexisting state at 1
wt % HP-BNNT: (e) homogeneous tactoid exhibiting bright birefringence at +45° and extinction at 0° and (f) bipolar tactoid showing similar
birefringence at +45° but quadrant-specific color changes at 0 and +10° (blue where BNNTs align parallel to the retardation-plate axis; orange

where they align perpendicular).

The Onsager theory is an effective tool for understanding
the phase behavior of systems of rigid hard rods with length L
and diameter D; it predicts the isotropic—nematic phase
transition, with coexistence of the two phases over a
concentration range.** The theory relies on the excluded
volume interactions between rod-like molecules within a
specified volume; the center of mass of two rods cannot
occupy the same region. For an ideal solution of mono-
dispersed, long, thin, and rigid rods, the phase boundaries are

D D
o= 3.34(;); Py = 4.49(;) @)

where, ¢; and @y are the volume fractions for the isotropic and
nematic cloud points, respectively. Using atomic force
microscopy (AFM), the average length and diameter of
capillary sonicated HP-BNNT bundles in 5 wt % SDC were
measured to be 452 + 179 nm and 4.54 + 2.02 nm,
respectively (Figure S13). Based on Onsager’s theory and the
experimentally obtained aspect ratio (L/D = 116), the
theoretical concentrations of ¢; and ¢y are 2.88 and 3.87
vol %, respectively. These values are much higher than the
transition concentrations determined experimentally via PLM
(pr = 0.5 vol % and ¢y = 1.68 vol %). It is known that

polydispersity in rod length (or aspect ratio) causes the
isotropic cloud point to occur at lower concentration (because
the longer rods preferentially form liquid crystalline domains)
and the nematic cloud point to occur at higher concentration
(because shorter rods can remain isotropic at higher
concentration), broadening the two-phase region.””*" There-
fore, polydispersity may contribute to the observed early
isotropic—biphasic phase transition but could not explain the
lower nematic cloud point. We assume, based on cryo-TEM
observations, that the earlier isotropic—biphasic and biphasic—
nematic phase transitions could also be attributed to a possible
incomplete BNNT dispersion and ineflicient surfactant coating
of individual BNNTS, resulting in unexfoliated BNNT bundles,
as shown in Figure 6a. Those BNNT aggregates are of a size
that is below the light microscopy resolution, hence, they
cannot be seen at low concentrations via PLM. Higher-
resolution cryo-TEM images reveal that BNNT bundles exhibit
less dense packing (i.e., increased spacing between nanotubes
within the bundles) with increasing surfactant concentration,
as evident in Figure 6b,c compared to dispersions with 1 wt %
SDC (Figure S14). This observation is presumably due to the
increased efficiency of BNNT surfactant coating at the higher
concentration of 5 wt % SDC. Moreover, these findings imply
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Figure 6. Cryo-TEM investigation of 0.1 wt % HP-BNNT dispersion
in S wt % SDC. (a) Low magnification image showing multiple
narrow BNNT aligned domains, with width below the resolution limit
of light microscopy. (b,c) Higher magnification images of the typically
observed aligned BNNT domains in the dispersion, showing less
dense packing of the BNNTs within the bundles compared to BNNT
dispersion with 1 wt % SDC. Those aligned BNNT bundles may
promote the earlier development of the ordered nematic phase by
serving as “nucleation sites”. Note the black dots in the background of
the SDC surfactant globular micelles.

that the bundles may act as “nucleation sites”, facilitating the
incorporation of individual BNNTSs or narrower bundles into
an ordered nematic phase.

To further elucidate the early phase transition observations,
it is worth extending the phase transition analysis to a range of
different nanotube and surfactant concentrations, creating a
phase diagram. The center panel of Figure 7 presents the first
phase diagram of BNNT dispersions in surfactant, showing the
effect of both BNNT and SDC concentrations on the phase
transition. The phase diagram was constructed based on the
identification of the three phases via PLM (see Figures S15 and
S16 for phase diagram constructed with PLM micrographs). At
BNNT concentrations above 2 wt % and SDC concentrations
of S wt % and above, apparently homogeneous suspensions
were obtained after speed-mixing for 4 h. Although aggregates
were visible under the microscope in unsonicated capillaries,
bath-sonicated capillaries displayed textures with smaller and
fewer aggregates and long-range birefringent domains between
crossed polarizers, as depicted in Figure 7b. As the BNNT
concentration decreases below 2 wt %, the suspensions enter
the biphasic regime, as shown in Figure 7a. Within this regime,
the large birefringent domains gradually decrease in size as the
suspension is diluted. Eventually, the appearance of swarms
indicates that the suspension is nearing the concentration at
which the transition to the isotropic phase occurs. The
isotropic cloud point is determined when no birefringent
texture is observed, similar to the dispersion in Figure 7c.
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Figure 7. Phase Diagram of HP-BNNT' in aqueous solutions of SDC.
The center panel shows the phase diagram which explains the various
dispersion states of BNNTSs in SDC as a function of their respective
concentrations. The diagram is divided into distinct regions
corresponding to different phases. The isotropic phase is represented
by circles, indicating a homogeneous mixture without any alignment.
The biphasic region, signified by squares, denotes the coexistence of
isotropic and nematic phases. The region marked by triangles
represents BNNT dispersions exhibiting a single LC phase. Crossed
circles, squares, and triangles denote poor dispersions of BNNTs that
exhibit isotropic, biphasic, and LC phases, respectively. Transmitted
PLM images of BNNT dispersions in SDC at different mixture
concentrations show the various dispersion phases. (a) Biphasic
dispersion at 0.5 wt % BNNTs and 10 wt % SDC. (b) LC dispersion
at 3 wt % BNNTSs and 8 wt % SDC. (c) Isotropic dispersion at 0.2 wt
% BNNTs and S wt % SDC. (d) Poor isotropic dispersion at 8 wt %
BNNTs and 3 wt % SDC. All bottom-left triangles are obtained
without polarizers. All upper-right triangles are captured between
crossed polarizers at 0°/90°. Black dashed lines represent transition
lines fitted using a scaled power law function (y = ax’), with slope
values indicated on the phase diagram. Vertical red dashed lines
correspond to the theoretical transitions calculated for monodisperse
BNNTs (aspect ratio, L/D = 116).

The effect of surfactant concentration on the phase
transition is clearly seen in the center panel of Figure 7. As
the SDC concentration increases, the isotropic cloud point
shifts to a lower BNNT concentration, as depicted by the
negative slope line between the isotropic and biphasic regions.
For instance, the isotropic—biphasic transition occurs at
approximately 0.75 and 0.35 wt % BNNTSs for dispersions in
S and 10 wt % SDC, respectively. This behavior contrasts with
observations of CNTs dissolved in superacids. Increasing acid
strength enhances the protonation of the nanotubes and
further stabilizes the isotropic region (i.e., the isotropic cloud
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Figure 8. Aligned HP-BNNT film prepared by doctor blade method using 10 wt % HP-BNNT in S wt % SDC dispersion. (a) The BNNT film was
floated on water after coagulation, demonstrating the film flexibility and ease of handling for transfer processes. (b) The BNNT film was transferred
onto a quartz slide, showcasing its ability to be transferred onto various substrates after coagulation for different applications. (c) UV—vis spectrum
of thin BNNT film, illustrating its high degree of transparency to visible light. The inset shows the BNNT film on top of the Rice University shield,
further demonstrating its transparency. Transmitted PLM images of the BNNT film between crossed polarizers positioned at (d) 0°, displaying
minimal birefringence, and (e) 45°, showing increased birefringence and confirming the alignment of BNNTSs along the shearing direction
(indicated by the double-headed red arrows). The dark spots in (e) are due to BNNT aggregation. (f) Normalized transmitted polarized light
intensity through the BNNT film with respect to the stage rotation angle (blue circles) fitted to sin’*(9) cos*(9) (black dashed line). (g) SEM
micrograph of the BNNT film showing aligned BNNT domains oriented along the shearing direction. (h) TEM micrograph of a cross-section of a
BNNT bundle. (i) XRD pattern of BNNT film and as-received HP-BNNT showing a broad peak at 25.9° and a sharp peak at 26.8°. The high
intensity of the sharp peak in the BNNT film, compared to the as-received HP-BNNT, suggests intertube contribution from well-aligned BNNT

regions in the film.

point curve has a positive slope with increased acid strength).>’
This fundamental difference suggests that the complementary
behavior arises from the distinct nature of the suspending
agents, particularly the presence of micelles in surfactant-
stabilized suspensions.

Depletion-induced attraction forces in surfactant-stabilized
nanotube suspensions are well-documented in literature and
widely recognized in colloidal science.”” This phenomenon
results from the exclusion of surfactant micelles in the gap
between two nanotube bundles, creating an imbalance in the
osmotic pressure that causes nanotube alignment and
aggregation.”® Surface tension measurements of SDC solution
with and without nanotubes show that the critical micelle
concentration (CMC) increases from 0.2 wt % SDC for
solutions without BNNTs to 1 and 2 wt % SDC upon the
inclusion of 0.1 and 0.5 wt % BNNT, respectively (Figure
$17). Given the high SDC concentrations investigated in this
work, we can predict that SDC micelles coexist with SDC-
coated BNNTs in most of the dispersions presented in the
isotropic region in the phase diagram (i.e, BNNT concen-
tration <0.5 wt %). The coexistence of SDC micelles with
SDC-coated BNNTs is further supported by the cryo-TEM
results, as seen in Figure 6b,c. The globular micelles were
observed in the dispersion of 0.05 wt % BNNTSs and 1 wt %
SDC as well (Figure S18). They are not observed in Figure
S14 because the specimen was prepared too thin. Therefore,
we attribute the negative slope of the isotropic cloud point

curve to an increase in depletion-induced attraction force
resulting from increased SDC concentration, a behavior also
observed in sodium dodecyl sulfate®*- and SC-stabilized™
CNT suspensions.

Both depletion-induced alignment and polydispersity in rod
length can explain the shift of the isotropic cloud point to
lower BNNT concentrations; however, the mechanism under-
lying the decrease in the nematic cloud point with increasing
surfactant concentration remains unclear. It is worth
mentioning that SDC forms a hexagonal liquid crystalline
phase above 20 wt % in water at room temperature,” though
the SDC concentrations used in this study remain significantly
lower (up to 10 wt %). While attractive van der Waals
interactions between nanotubes have been proposed to explain
the early nematic phase transition,'”*”>” the precise
mechanisms governing this behavior in the current system
remain to be fully understood.

At 4 wt % SDC and high BNNT concentration, dispersions
appeared more homogeneous than dispersions at lower SDC
concentrations and displayed liquid crystalline domains
coexisting with large undispersed clusters. At lower surfactant
concentrations, poor dispersions that exhibited isotropic phase
with visible aggregates were obtained. Large and dense clusters
of BNNTSs were still found even after capillary sonication, as
shown in Figure 7d. The ratio of surfactant to nanotube
concentrations is low to effectively disperse the BNNTs.
Decreasing BNNT concentration increases this ratio, leading
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to improved dispersion quality due to enhanced nanotube
surface coating. Thus, the transitions observed at specific
concentrations are critically dependent on the concentration of
both BNNT and SDC. This phase diagram serves as a roadmap
for preparing BNNT—SDC dispersions with the desired phase,
which is essential for tailoring the processing and application of
BNNT-based materials for optimal performance.

The potential for fabricating aligned thin macroscopic films
from BNNT aqueous LC dispersions is demonstrated in Figure
8. Films were prepared by shearing 25 uL of 10 wt % HP-
BNNT LC dispersion in 5 wt % SDC on top of a glass slide
using the doctor blade method at a speed of ~5 cm/s, followed
by coagulation in chloroform. Figure 8a presents a coagulated
film floating on the surface of a water bath, showcasing the
successful detachment from the glass slide. Figure 8b shows the
same film transferred onto a quartz slide, demonstrating the
ease of transfer, which is important for various applications.
The BNNT thin film is highly transparent to visible light, with
noticeable absorption only in the UV region (at 204 nm), as
illustrated by the UV—vis spectrum in Figure 8c and
demonstrated by the inset, showing a transparent BNNT
film on top of the Rice University shield.

We used PLM with crossed polarizers at 0°/90° to
investigate the optical properties and alignment of the
BNNT film. When the film is aligned with the polarizer at
0°, parallel to the shearing direction of the film, it exhibits
minimal birefringence, as displayed in Figure 8d. Figure 8e
shows that when the film is rotated 45° to the polarizer, it
displays a significant increase in birefringence. This anisotropy
in optical response is indicative of the orientation of BNNTs
along the shearing direction. The dark spots in Figure 8e are
due to BNNT aggregation. Figure 8f illustrates the normalized
transmitted light intensity across various rotations of the
BNNT film, modeled with a classical formula typical for
anisotropic films: sin?(@) cos*(6).>® A strong correlation with
this model suggests that the BNNT film is uniformly aligned
along the shearing direction. We quantified the film alignment
using the dichroic ratio, which measures the maximum to
minimum transmitted light intensities, yielding an order
parameter of S = 0.52.°” The order parameter of this film,
with a thickness of 249 + 40 nm (Figure S19), is comparable
to that reported for BNNT films fabricated from BNNT—CSA
solutions.” Notably, this order parameter is higher than the
values reported for CNT films of similar thickness.'”*® This
difference may arise from several factors, including nanotube
concentration, dispersant, coagulant, and nanotube type.60

The alignment of BNNTs within the film was further
investigated by SEM. Figure 8g shows an SEM micrograph of
BNNT film coagulated in chloroform. The film consists of
aligned BNNT domains oriented in the shearing direction,
indicating the successful translation of BNNT alignment from
the LC phase into macroscopic assemblies. We also explored
other coagulation solvents to coagulate BNNT films including
isopropanol, ethanol, and acetone. However, BNNT alignment
in such films was much lower than the observed alignment in
films coagulated in chloroform. Chloroform is a nonpolar
solvent and insoluble in water which leads to a slower
coagulation process allowing the BNNTs to maintain their LC
phase alignment. Films that are allowed to dry in air for 5 min
at room temperature before coagulation show improved
alignment over films coagulated immediately after shearing
(Figure S20).

A simple macroscopic method to evaluate the alignment of
CNTs in films using X-ray diffraction (XRD) was proposed by
Futaba et al.®' that relates the intertube (spacing between
nanotubes) contribution to the aggregation form of CNTs. We
follow this method to further investigate the macroscopic
alignment of BNNT films. The XRD pattern of the BNNT film
shows a broad peak at 25.9° and a sharp, high-intensity peak at
26.8°, as shown in Figure 8i. The broad peak at 25.9° is due to
the nanotube curvature and may suggest regions of randomly
oriented BNNTSs, while the sharp peak at 26.8° typically
associated with h-BN,*>%3 likely indicates contribution from
well-aligned BNNT regions within the film.”’ TEM micro-
graph of a cross-section of BNNT bundle, presented in Figure
8h, shows the spacing between two adjacent nanotubes is
approximately 3.3 A, consistent with interlayer spacings of h-
BN.®* Therefore, the high intensity of the peak at 26.8° in the
aligned BNNT film may be attributed to outer-shell contacts
between BNNTSs extending over long spans at nearly h-BN
interlayer spacings. The XRD pattern in Figure 8i of as-
received HP-BNNTSs shows similar peaks positioned at the
same diffraction angles. However, the relative intensity of the
sharp peak to the broad peak is much lower in the as-received
HP-BNNTSs compared to the sheared film. The difference in
the relative peak intensities, along with the cross-sectional
TEM micrograph, supports the conclusion that the sharp peak
at 26.8° results from intertube contributions in well-aligned
BNNT regions, rather than from h-BN alone.

The thermal stability and composition of the BNNT films
were probed by TGA. TGA of the BNNT film shows that the
film is stable up to 800 °C in air (Figure S21). The residual
surfactant content in the film after coagulation is approximately
3% by mass. This quantitative assessment is essential for
understanding the composition of the film, informing the
potential for posttreatment processes to completely remove the
surfactant. Thus, we demonstrated the ability to fabricate and
manipulate BNNT films with controlled alignment opening
avenues for the development of advanced materials with
tailored anisotropic properties, potentially impacting fields
ranging from flexible electronics to composite materials.

B CONCLUSION

In conclusion, we demonstrated the preparation of highly
concentrated aqueous LC dispersions of HP-BNNT' stabilized
by SDC. The results underscore the importance of BNNT
purity in achieving long-range nematic LC domains. The
arrangement of BNNTSs within the nematic LC phase was
directly visualized and confirmed using cryo-SEM. Detailed
PLM studies led to the development of the first phase diagram
for BNNTs in a surfactant system, describing the phase
transitions from isotropic to biphasic and nematic phases as a
function of BNNT and surfactant concentrations. This diagram
serves as a roadmap for preparing BNNT dispersions with the
desired phases and provides insights into the fundamental
colloidal interactions within the system. Future investigations
should aim to elucidate the mechanisms that govern the
complex interactions between phase separation and phase
transitions in BNNT —surfactant LC systems. The successful
fabrication of well-aligned BNNT films from LC dispersions
using scalable techniques demonstrates the applicability of this
approach. The use of SDC not only enhances the alignment
and dispersion quality of BNNTs but also aligns with the
demand for safe processing methods. Overall, this study
advances the understanding and application of BNNT liquid
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crystals, contributing to the development of high-performance
BNNT-based materials.
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Figure S1. Thermogravimetric analysis (TGA). TGA was performed on LP- and HP-BNNTS over
a temperature range from 100 °C to 1100 °C under an air atmosphere at a heating rate of 10 °C/min
and an air flow of 100 mL/min.
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Figure S2. Visual comparison of dispersions of 15 wt % of LP- and HP-BNNTSs in 5 wt % SDC.
Both dispersions were speed mixed for 4 hours at 3500 RPM and loaded into rectangular capillaries

2



(0.5 mm x5 mm). The HP-BNNTS dispersion appears white and translucent, while the LP-BNNTs
dispersion is darker and less translucent in thin sections, indicating differences in dispersibility
due to the purity of the BNNTSs.

Figure S3. Transmitted polarizing light microscopy image of 5wt % BNNTSs in CSA encapsulated
in a flame-sealed rectangular capillary (1 mm x 0.1 mm) after mixing the solution. Images were
taken (a) before capillary sonication and (b) after capillary sonication.

Figure S4. Transmitted polarizing light microscopy images of dispersions encapsulated in flame-
sealed rectangular capillaries (1 mm x 0.1 mm) after mixing, without capillary sonication: (a) 1.5
wt % BNNTs in 5 wt % SDC and (b) 0.8 wt % BNNTSs in CSA. Both systems display disturbed
textures rather than well-defined Schlieren textures.



Figure S5. Transmitted polarizing light microscopy analysis of 15 wt % LP-BNNT dispersion in
5 wt % SDC encapsulated in flame-sealed rectangular capillaries (1 mm x 0.1 mm). (a) Sample
before bath-sonication, displaying discontinuous and small birefringent regions with large
aggregates. (b) Sample after bath-sonicating, showing the transformation of small birefringent
domains into larger ones spanning the entire capillary with relatively weak birefringence due to
the presence of impurities.

Figure S6. Cup-horn-sonicated vial of 15 wt % HP-BNNT dispersion in 5 wt % SDC. (a) The
dispersion flows and does not behave like a gel after 1.5 hours of cup-horn sonication. (b) PLM
image with crossed polarizers at 0°/90° of the dispersion encapsulated in a rectangular glass
capillary.



Figure S7. PLM images of an as-prepared 10 wt % HP-BNNT dispersion in 5 wt % SDC,
encapsulated in a glass capillary after 2 hours of vial cup-horn sonication. Images (a) and (c) were
taken at 0/90° and (b) and (d) at 45/135°. Panels (a) and (b) show the sample immediately after
preparation, while (c) and (d) show the same capillary after 30 days, showing no significant phase
separation.

Figure S8. Series of PLM images of capillary bath sonicated 5 wt % HP-BNNT dispersion in 5
wt % SDC at different polarization angles. Crossed polarizers at (a) 0°/90, (b) 15°/105°, (c)
30°/120°, (d) 45°/135°, (e) 60°/150°, and (f) 75°/165°. Scale bars are 100 pm.



Figure S9. Series of PLM images of capillary bath sonicated 2 wt % HP-BNNT dispersion in 5
wt % SDC at different polarization angles. Crossed polarizers at (a) 0°/90, (b) 15°/105°, (c)
30°/120°, (d) 45°/135°, (e) 60°/150°, and (f) 75°/165°. Scale bars are 100 pm.

Figure S10. Series of PLM images of capillary bath sonicated 1 wt % HP-BNNT dispersion in 5
wt % SDC at different polarization angles. Crossed polarizers at (a) 0°/90, (b) 15°/105°, (c)
30°/120°, (d) 45°/135°, (e) 60°/150°, and (f) 75°/165°. Scale bars are 100 pum.



Figure S11. Series of PLM images of capillary bath sonicated 0.5 wt % HP-BNNT dispersion in
5 wt % SDC at different polarization angles. Crossed polarizers at (a) 0°/90, (b) 15°/105°, (c)
30°/120°, (d) 45°/135°, (e) 60°/150°, and (f) 75°/165°. Scale bars are 100 pm.
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Figure S12. Aspect ratio as a function of the major axis length of 65 tactoids.
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Figure S13. Histograms of (a) length, (b) height, and (c) aspect ratio distributions measured via
AFM for bath-sonicated capillaries of HP-BNNT dispersions in 5 wt % SDC. Each histogram was
fitted with a Gaussian curve to obtain an average (Avg.) distribution and standard deviation (STD).
(d) AFM topographic image displaying the surface structure with nanoscale features. The scale
bar represents 2 pm.



Figure S14. Cryo-TEM images of HP-BNNT dispersions in 1 wt % and 5 wt % SDC. (a) and (b)
0.05 wt % HP-BNNTs in 1 wt % SDC showing individually dispersed BNNTs along with
unexfoliated, densely packed BNNT bundles. The absence of globular SDC micelles is due to the
specimen being prepared too thin. (c) and (d) 0.1 wt % HP-BNNTSs in 5 wt % SDC showing less
dense packing of BNNTS, facilitating the incorporation of BNNTS into an ordered nematic phase.
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Figure S15. Phase diagram of HP-BNNT dispersions in SDC constructed of PLM micrographs.
The phase diagram shows the various dispersion phases as a function of BNNT-SDC
concentrations. All dispersions were encapsulated in rectangular capillaries (1 mm x 0.1 mm) and
bath sonicated for ~10 seconds. PLM was performed between crossed polarizers at 0°/90°.
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Figure S16. Phase diagram of HP-BNNT dispersions in SDC constructed of PLM micrographs
with A/4, 6x20 compensator inserted below the analyzer at 45° to the polarizer. The phase diagram
shows the various dispersion phases as a function of BNNT-SDC concentrations. All dispersions
were encapsulated in rectangular capillaries (1 mm x 0.1 mm) and bath sonicated for ~10 seconds.
PLM was performed between crossed polarizers at 0°/90°, while capillaries were rotated 45° to
the polarizer.
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Figure S17. Interfacial tension measurements of SDC solutions in the presence and absence of
HP-BNNTSs obtained using the pendant drop method. Dashed lines (--) represent a linear fit of the
data points collected for SDC solution without BNNTs (0 mg/mL).
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Figure S18. Cryo-TEM image of 0.05 wt % HP-BNNT in 1 wt % SDC, showing SDC globular
micelles coexisting with SDC-coated BNNTSs promoting their individualization.
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Figure S19. (a) AFM topographic image of the BNNT film. (b) Height profile along the double-
headed arrow shown in (a), used to determine film thickness.
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Figure S20. SEM micrographs of BNNT films prepared using doctor-blade and treated under
different conditions: (a) film immediately coagulated in IPA, showing a loss of alignment from
the LC dispersion. (b) film immediately coagulated in chloroform, maintaining alignment from the
LC dispersion. (c) film dried in air without coagulation, showing large domains of aligned BNNTSs.
(d) and (e) films were dried in air for 5 minutes at room temperature then coagulated in IPA and
chloroform, respectively, showing improved alignment over immediate coagulation.
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Figure S21. TGA of a BNNT film, indicating a surfactant content of approximately 3% of the
total film mass. The analysis also demonstrates the thermal stability of the film up to 800 °C.
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