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ABSTRACT. We report the first real-time imaging of individualized BNNTs via stabilization with
a Rhodamine surfactant and fluorescence microscopy. We study the rotational and translational
diffusion and find them to agree with predictions based on a confined, high aspect-ratio rigid rod
undergoing Brownian motion. We find that BNNTs’ behavior parallels that of individualized
CNTs, indicating that BNNTSs could also be used as model semiflexible rods to study soft matter
systems, while avoiding CNTs’ experimental disadvantages due to their strong light absorption.
The use and further development of our technique and findings will accelerate the application of

BNNTs, from material engineering to biological studies.

Introduction

Boron nitride nanotubes (BNNTSs) are structurally analogous to carbon nanotubes (CNTs)

but possess many distinguishing properties that make them ideal candidates for a wide array of



applications. For example, unlike CNTs that are available in metallic or semiconducting forms,
BNNTs have a uniform wide band gap of ~ 5.5 eV, making them electrically insulating regardless
of chirality or diameter, and nearly transparent to visible light.! Additionally, BNNTs have
excellent thermal conductivity, on the order of 350 W/mK, which is similar to that of copper.?
Finally, they have superb chemical and thermal stability, not undergoing oxidation in air until
temperatures greater than 900°C.> These remarkable properties make BNNTs well suited for a
variety of applications, ranging from electronics to material engineering to biomedical
applications.*!? A fundamental understanding of BNNT dynamics in solution would accelerate
research in neat BNNT macroscopic materials, BNNT-polymer composites, and BNNTs in
biological systems, as was the case for CNTs.!* ! In fact, dilute rotational and translational
diffusivities are the bases for understanding behavior in crowded systems such as liquid crystals,
gels, and polymer networks, and for understanding shear alignment in flow processes, which are
key in material processing, biology, composites, and manufacturing, respectively. For example,
liquid-phase processing would enable the large-scale production of BNNT films, fibers, and
composites.>® Understanding how BNNTs diffuse in solution is paramount to producing aligned
films and fibers, as it provides a timescale for relaxation and reorientation.!*'® Additionally,
knowing how BNNT diffusion compares to that of other materials, such as polymers, can allow us

to design composites that maximize BNNTs’ desired properties.®!’

Finally, the study of how
BNNTs behave in aqueous solution will allow us to more accurately predict their response to
environmental changes, such as viscosity or temperature. This is particularly pertinent to biological
studies where changes in environment are quite common.!'¥2° Moreover, the ability to visualize

BNNTs in real time could aid the study of interactions between BNNTs and biomolecules, which

is crucial for the application of BNNTs in drug delivery or biological sensors.”!? Despite these



important applications, real-time visualization of BNNTSs in solution has been extremely limited
and the investigation of BNNT dynamics has never been reported.

While ensemble techniques, such as dynamic light scattering and zeta potential, can
provide useful information about BNNT dispersions,?!2* the polydispersity of BNNT samples
prevents detailed dynamical information from being derived from these results. On the other hand,
high resolution imaging techniques, such as atomic force microscopy (AFM) and transmission
electron microscopy (TEM), can provide length and diameter information about individual
BNNTs, but do not provide real-time dynamics. Fluorescence microscopy allows for real-time
dynamics studies at the level of an individual particle or molecule. This technique has been
previously utilized to measure diffusion and bending dynamics information for single-walled
carbon nanotubes (SWCNTSs)!32528 and germanium nanowires,” as well as, to perform ground
breaking dynamics studies on many biomolecules.>*

Current progress in real-time visualization of BNNTs is limited due to their poor
dispersibility in all solvents and deep-UV excitation and emission (Figure S1). Because imaging
in the UV is challenging, fluorescence imaging from direct excitation has not been reported, and
an external fluorescent tag must be used. Additionally, since BNNTs are amphiphobic, covalent
functionalization or the use of a dispersing agent must be utilized to obtain BNNT dispersions.”
114047 T our knowledge, very little work has been done towards real-time BNNT visualization in
solution.”!1%4%41 Recent work in our group has shown that BNNTSs can be individualized in solution
using cationic surfactants.*> With this in mind, we synthesized a line of cationic surfactants that
have a fluorescent molecule (Rhodamine B) included in the structure and showed that it could be
used to individualize and image CNTs and BNNTs.*® Here, we image BNNTSs dispersed in this

Rhodamine surfactant and measure their translational and rotational diffusivities in solution,



producing, for the first time, information on the dynamics of these nanostructures, and showing

that BNNTSs behave as ideal rigid rods.

Experimental Section

Materials. Boron nitride nanotubes were obtained from BNNT, LLC (P28 Type) and
purified by a method modified from one previously reported.* Rhodamine B was obtained from
Acros and dodecanol was purchased from Sigma-Aldrich. Cetyltrimethylammonium chloride
(CTAC) was purchased from TCI America. Glass slides and cover slips were from Thermo
Scientific and were sonicated in acetone for 5 minutes, rinsed with isopropanol, and air dried
before use.

Synthesis of Rhodamine surfactant. The Rhodamine surfactant with a dodecane group
was synthesized by mild esterification reaction based on the Garegg-Samuelsson Reaction,* as
previously reported.*® A solution of I (38.1 mg, 0.15 mmol) in DCM (~4 mL) was prepared in an
oven-dried round-bottom flask equipped with a stir-bar. PhsP (39.3 mg, 0.15 mmol), imidazole
(22.5 mg, 0.33 mmol), and Rhodamine B (47.9 mg, 0.1 mmol) were added and the solution was
stirred at room temperature for 5 minutes. Dodecanol (34 pL, 0.15 mmol) was then added and the
solution was left to stir for an additional 24 hours at room temperature, in the dark. The crude
product was washed with 2N HCI and water before being dried with NaxSO4 and the solvent
removed under vacuum. The residue was purified by column chromatography with a solvent
system of equal parts acetone, DCM, and hexanes. The product came off as a dark red band and
was dried to produce a dark purple solid as the final, pure product (16 mg, 25% yield).

Preparation of microscope sample. A 1 mM solution of the Rhodamine surfactant in

methanol was prepared. This was diluted 7x with a 1 wt. % CTAC solution for a final Rhodamine



surfactant concentration of 143 pM. At this concentration, the 1 wt.% CTAC solution behaves as
a Newtonian liquid (Figure S2). I mg BNNTSs were added to a 15 mL-plastic centrifuge tube with
7 mL of the surfactant mixture and tip ultrasonicated (QSonica Q55, 20 kHz) for 5 seconds, to
break apart BNNT bundles without cutting the BNNTSs. The resulting suspension was centrifuged
at 500g for 30 minutes. The top 80% of the supernatant was removed and the remaining solution
and pellet were resuspended in 1 wt. % CTAC. Then, 30 pL of 10 wt. % silica microspheres (2.01
um diameter, Bangs Laboratories) were added to the final suspension. For imaging, 0.6 puL of the
tagged BNNTSs and microspheres were drop-casted on a pre-cleaned microscope slide and covered
with a coverslip. The sample was then sealed with epoxy to prevent convective flow due to solvent
evaporation.

Imaging BNNTs. BNNTs are imaged on a Zeiss Axiovert 200M epi-fluorescence
microscope with a TRITC (Rhodamine) filter cube (Chroma; Aex 527-552/ 565 dichroic/ hem 577-
632 nm), a 100x oil immersion objective (N.A.=1.3; diffraction limit (d) = 200 nm), and a
Toupcam industrial digital camera with a 1.4MP Sony CCD sensor (17 frames per second),
controlled by ToupView software. Videos are collected for approximately 5 minutes (~5,100
frames). The silica microspheres, which have previously been utilized for these purposes,®' >3
could be visualized in the microscope and were checked before recording to ensure they were well
spaced, ensuring no interference with diffusion measurements, and not moving, ensuring they were
truly defining the confinement of the system.

Spectroscopic studies. Absorbance measurements were acquired using a Shimadzu 2450
UV-Visible spectrophotometer. Photoluminescence spectra were measured with a Horiba Nanolog
Spectrophotometer. The samples were excited at 514 nm and recorded from 535 to 720 nm. Time-

resolved decays were recorded using an Edinburgh Instruments OD470 single-photon counting



spectrometer with a 443.6 nm picosecond pulse diode laser with a high-speed red detector. BNNT-
Rhodamine surfactant samples were prepared by mixing 7 mg BNNTs with 6.65 mL of 1 wt. %
CTAC and 0.35 mL of 1 mM Rhodamine surfactant (final Rhodamine surfactant concentration of
0.ImM). This mixture was tip ultrasonicated for 30s and dialyzed against DI water for 24 hours to
remove free Rhodamine surfactant.

AFM height studies. AFM samples were prepared by depositing samples, prepared as
described for fluorescence microscopy imaging, on a freshly cleaved mica surface (primed with
MgCl,) using a drop-casting method, washing off excess surfactant with water, and drying in the
oven. AFM measurements were performed with a Bruker Multimode 8 AFM system in tapping
mode using ScanAsyst Air silicon cantilevers. AFM images were processed in Gwyddion and the

height profiles of 100 randomly selected BNNTs were collected.

Results and Discussion

The Rhodamine surfactant utilized in our studies was prepared by a mild esterification
reaction®® between Rhodamine B and dodecanol.* The Rhodamine surfactant with a twelve-
carbon chain was chosen due to its relatively low critical micelle concentration and relatively high
quantum yield, when compared to surfactants with shorter and longer carbon chains, respectively.
BNNTs were dispersed in a mixture of this Rhodamine surfactant and cetyltrimethylammonium
chloride (CTAC). Interactions between the BNNTs and the Rhodamine surfactant were first
probed spectroscopically (Figure la-c). The fluorescent surfactant alone shows a bathochromic
shift of 6 nm with respect to the Rhodamine dye. After dispersing BNNTs in the Rhodamine
surfactant and removing excess surfactant by dialysis, the Rhodamine surfactant absorbance and

emission spectra are also red shifted approximately 5 nm (from 559 to 564 nm and 585 to 591 nm,



respectively) (Figure la,b). Additionally, the quantum yield of the Rhodamine surfactant is
quenched from 0.26 to 0.06 (Figure 1c). By comparison, mixing the Rhodamine surfactant and
CTAC in the same ratio, without the addition of BNNTs, will increase its quantum yield.>
Therefore, the observed quenching of the photoluminescence can be attributed to interactions
between the Rhodamine core and BNNTS, producing additional pathways for nonradiative decay.
This red shift in absorbance and fluorescence quenching has been previously reported for
Rhodamine B associated with SWCNTs, and was determined to occur by a static quenching
mechanism through the formation of a stable ground state complex.>® Finally, the fluorescence
lifetime of the Rhodamine surfactant was also measured before and after addition of BNNTs. The
Rhodamine surfactant alone resulted in a monoexponential decay with a lifetime of 1.81 ns, similar
to that of Rhodamine B. However, when mixed with BNNTS, a biexponential decay was produced,
which was deconvoluted to give lifetimes of 0.24 ns (49%) and 1.62 ns (51%), apparently due to
Rhodamine surfactant interacting with BNNTs and free in solution, respectively (lifetime decays
in Figure S3). These results show that the chosen surfactant system is ideal for optimal contrast in
our system. The change in Rhodamine fluorescence demonstrates that the surfactant associates
relatively strongly to the BNNT, making it an ideal fluorescent label. Additionally, though the
quenching of the Rhodamine’s fluorescence may reduce the dye’s signal, it also reduces its
photobleaching,>® meaning the signal remains more stable throughout the experiment, allowing for

longer periods of data collection.
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Figure 1. Absorbance spectra (a), photoluminescence spectra (b), and quantum yields (c) for

Rhodamine B, Rhodamine surfactant, and Rhodamine surfactant dispersed BNNTs.

Imaging studies were performed using this optimized surfactant system. In order to obtain
longer BNNTSs, ultrasonication was minimized and the centrifugation pellet was utilized (see
Supporting Information). AFM studies of the microscope sample (Figure S4 a-c) show that the
suspended BNNTs were primarily individualized (average diameter ~ 7 nm). The sample also
contained aggregates and hBN impurities that are easily discerned in the microscope view (Figure
S4 d), and, therefore, are easily avoided. The addition of silica microspheres to the solution mixture
produced a 2 pm confinement between the glass slide and coverslip throughout. Confinement in a
narrow gap limits the rod diffusion perpendicular to the imaging plane, allowing for longer
imaging times where the rod is in focus; moreover, confinement is interesting per-se — in fact, even
water behaves differently under confinment,’’ albeit on much smaller length scales. Figure 2
shows time-lapse images of a tagged 3.6 um BNNT undergoing Brownian motion (video of BNNT

movement available as Supporting Information). We found that using fluorescence microscopy



and the Rhodamine surfactant, BNNTs longer than ~ 1.5 pm could be identified and visualized.
Each BNNT was imaged for approximately 5 minutes. A control sample containing only the
mixture of surfactants was visualized and displayed only a fluorescence background; i.e., no rod-

like objects could be found (Figure S5).

.
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Figure 2. Time-lapse images of a tagged 3.6 um BNNT undergoing Brownian motion.

The BNNTSs remained within the focal plane throughout the 5 minute video; therefore, the
center of mass and orientation of the BNNT could be measured for each frame. Figure 3 a-b shows
an example of the analyses obtained for a 3.6 um BNNT. These data were then used to calculate
the mean-squared displacement (MSD) and mean-squared angular displacement (MSAD) of the

0 5o all

BNNT (Figure 3 c-d). These displacements were obtained using internal averaging,
position pairs within the same time interval were included for each point. The translational
diffusion coefficient (D;) and rotational diffusion coefficient (D;) were then calculated. As

movement in the z-direction was limited and not measured, the translational diffusion was

measured in two dimensions and the rotational diffusion in one dimension. Therefore, MSD =



ADAtHC and MSAD = 2DAt+C, where the constant, C, comes from uncertainty in the

measurement,?® but was found to be negligible in all cases.
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Figure 3. Example analysis of a 3.6pm BNNT diffusion. Changes in the center of mass (a),
orientation (b), mean squared displacement (c), and mean squared angular displacement (d). Only
linear portions of the MSD and MSAD graphs are shown. Linear fits of the MSD and MSAD
graphs can then be utilized to calculate the translational (D) and rotational (D:) diffusion
coefficients for each BNNT respectively. The slope of the MSD graph equals 4D; and the slope of

the MSAD graph equals 2D:.

The translational and rotational diffusion coefficients were extracted from trajectories for
BNNTs with different lengths, from ~ 1.5 to 4.6 um. Figure 5 a-b shows the translational and
rotational diffusion coefficients plotted as a function of BNNT length. The experimental values
were compared to a theoretical rigid rod in bulk solution (dashed line) and under a 2 pum
confinement (solid line).*® In bulk fluid, the two-dimensional translational diffusion coefficient

and one-dimensional rotational diffusion coefficient for an open cylinder can be given by®!
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where kjp is the Boltzmann constant, T is the temperature, 77 is the viscosity of the solution (1 mPa

s), L is the length of the BNNT, p is the BNNT aspect ratio (length/diameter),
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Figure 4. Diagram of a BNNT confined between two glass slides. H is the height between the slide
and coverslip, 0 is the angle between the BNNT and the slide, and y is the distance between the
BNNT center and the bottom glass. The x-axis is along the BNNT axis from the center of the

BNNT.

When a rod-like particle is placed under confinement, it experiences additional drag due to
interaction with the confining wall (Figure 4).3¢ This drag depends on the position of the rod

between the two slides. An effective drag coefficient can be calculated by averaging over all

11



allowed states (y and 0). Using the confinement model of Li and Tang,*¢ the adjusted translational

and rotational diffusion coefficients are

=1
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Besides drag, one may expect additional variables, due to coupling of the rotational and

translational diffusion, to impact the rod’s diffusion when in the presence of a bounding wall. In
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fact, recent simulations have shown additional coupling of rod translational and rotational
diffusion when rods are very close to a wall (within tens of rod diameters).®? This situation can be
particularly important for high-density rods (e.g., gold), which tend to concentrate near the bottom
of a slit gap. In our experimental setting, gravity has a smaller effect, due to a relatively small
density difference between BNNT/surfactant micelles and water (see Supporting Information);
therefore, BNNTSs are predominantly located near the middle of the gap — where they can access
more configurations and hence have higher entropy. Combined with the scattering in the data, this
may explain why the experimentally determined rotational and translational diffusions for BNNTSs
agree well with the simple hydrodynamic confinement model predictions (Figure 5). Additionally,

the experimental results show a similar trend to those seen for other rod-like particles, including

13,29,36

SWCNTs, actin filaments, and germanium nanowires.

2 34 5 6 2 34 5 6

Length (um) Length (um)
Figure 5. Translational (a) and rotational (b) diffusion coefficients of BNNTSs plotted as a function
of length and compared to a theoretical rigid rod under a 2 um confinement according to
confinement theory.*¢ Colored squares represent the experimental measurements, the solid black

line represents the confinement theory predicted values, and the dashed line represents predicted
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diffusion in bulk fluid.®! Error bars come from the standard deviation in length measurements and

error in the linear fit of the MSD and MSAD data.

The videos of BNNT movement were also analyzed to investigate their bending dynamics.
The flexibility of a rod-like particle can be characterized by its bending stiffness and persistence
length. According to a continuum model for a hollow cylinder of radius, d, the bending stiffness,
k = nCd3, where C is the in-plane stiffness. Scaling bending stiffness with thermal energy gives
the persistence length, L, = K /kg. Fakhri et al. measured the persistence lengths of SWCNTs,
based on the observed bending modes of the SWCNTs, and compared them to those predicted by
theory.!*?” They found the persistence lengths to range from 26 to 138 um; scaling with the cube
of the SWCNT diameter, as predicted, but roughly 2x larger than predicted using ab initio
calculations to determine the SWCNT in-plane stiffness (C = 345 J/m?).27:63
When analyzing the BNNT videos, no bending modes could be observed, due to diffraction
limitations (Figure S6). However, we can calculate the theoretical persistence length using ab initio
calculations for the in-plane stiffness (C = 271 J/m?)%* and AFM measurements for the average
diameter (d = 7 nm) (Figure S4 c). This gives a persistence length of ~ 7 mm (around 100x higher
than the SWCNT range). This is reasonable because thicker, multiwalled BNNTSs (~ 3 concentric
layers) are expected to be stiffer than SWCNTs. Considering this approximation, direct imaging

of thermal undulations may be possible for BNNTs ~ 70 um (Figure S6) or for BNNTs with fewer

walls.

Conclusion

In summary, BNNT diffusion in aqueous solution has been investigated for the first time.

We used a fluorescent surfactant that stabilized the BNNT dispersion while also fluorescently
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tagging the BNNTSs. Spectroscopic measurements show evidence of association between the
Rhodamine surfactant and BNNTs, providing better imaging contrast. Videos of BNNT motion
yielded translational and rotational diffusion coefficients; these were compared to predicted values
for a confined Brownian rigid rod. Both rotational and translational diffusion coefficients agreed
with the theoretical values and previous studies on other rod-like particles.!*?*3¢ The bending
dynamics of BNNTs were also analyzed, however, as anticipated by theory (which predicts a
persistence length of ~7 mm), BNNT bending mode amplitudes were too small to be detected in
our imaging system.

The conclusion that BNNTs undergoing Brownian motion behave like rigid rods is not
trivial due to the unique electron density distribution on the surface of BNNTs. Nonetheless, the
close correlation between BNNTSs and rigid rods implies that aspect ratio and stiffness, which has
been well documented for BNNTS,%3-%* are the main factors that modulate the dynamics of BNNTSs
in solution. Knowing that BNNTs behave as model rigid rods has important repercussions on
future development of macroscopic materials using BNNTs as building blocks. First, having a time
scale for BNNT relaxation (t = 1/6Dy)!°> will be pertinent to the production of aligned BNNT
macromaterials, particularly when using flow assembly. Additionally, knowing that BNNTSs
diffuse similarly to many rigid polymers and other nanomaterials can aid our design and
manufacturing of composites that can translate to the macroscale the BNNTs’ nanoscale
properties. Moreover, since the experimental results for BNNTs fit the theoretical model so well,
we can use established theories for crowded rods to predict how the BNNTSs’ environment, e.g.,
confinement size, affects their diffusion. This will be particularly useful for biomedical studies,

where confinement in the cytoskeleton can dramatically change the dynamics of rods.?
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Compared to CNTs, BNNTs have an advantage for studying soft matter systems. Since
they behave as rods, like CNTs, they should make liquid crystalline solutions at high concentration.
Moreover, because BNNTSs are nearly transparent to visible light, such liquid crystalline solutions
could be studied using standard optical methods. CNT systems are known to form liquid crystals
with complex morphologies and behave unusually at high aspect ratios, forming nematic phases
at concentrations as low as 100 ppm;® however, due to their strong light absorption, most studies
with CNTs have been limited to thin gaps (below 100 um and sometimes below 10 um, where
wall interactions dominate domain dynamics)®®-%7 and relatively low concentrations (below 1%).
Likewise, metallic nanorods are opaque to light at high concentrations and large gap sizes.®® BNNT
liquid crystals would be readily accessible at larger gaps and higher concentrations, and this would
allow the exploration of new regimes in liquid crystalline rods. Moreover, the liquid crystalline
state is ideal for making aligned macromaterials of nanorods, such as films and fibers,®7
therefore, studying the phase behavior and dynamics of BNNTs will lead to improved assembly

methods for BNNT macromaterials and will also increase our understanding and control of related

systems of high technical significance, like CNTs.
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Supporting Information.

Absorbance and emission profiles of BNNTSs in water; lifetime decays of rhodamine B,
rhodamine surfactant, and the surfactant-BNNT mixture; AFM analysis of the microscope
samples; fluorescence images of aggregates and impurities in a microscope sample; image of
surfactant without addition of BNNTSs; experimental results of bending stiffness studies;

calculation of BNNT-micelle density
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The following files are available free of charge via the Internet at http://pubs.acs.org.
Supporting information (PDF)

Video of 3.6pm BNNT undergoing Brownian motion (AVI)
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