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ABSTRACT
Investigating the Behavior of Boron Nitride Nanomaterials in
Aqueous Surfactant Solutions
by

Ashleigh Dawn Smith McWilliams
Boron nitride nanomaterials are an exciting and understudied class of
materials with enticing properties for a wide range of applications. They’re extremely
lightweight and strong, with high thermal and chemical stability, and a wide bandgap
that makes them electrically insulating and transparent to visible light. This unique
set of properties makes them exceptional candidates for application in fields ranging
from space exploration to drug delivery; however, obtainment of these advanced
applications still requires researchers to overcome some large obstacles. Chief among
them is the amphiphobic nature of the materials, which makes them difficult to work
with in liquid-phase processes that are key to material processing and biomedical
applications alike. This thesis investigates how to produce uniform dispersions of
boron nitride nanomaterials in aqueous solution, and then, probes how the materials
behave within these dispersions using single molecule diffusion studies.
The organization of this thesis is as follows: Chapter 1 will introduce boron
nitride nanomaterials, boron nitride nanotubes (BNNTs) and hexagonal boron nitride
(hBN). It will briefly describe their properties and applications, and then provide an
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in-depth review into the different techniques that have been utilized to obtain
dispersions of each material over time.
Chapter 2 will address the dispersion of BNNT material in water using
surfactants with varying properties. The surfactants were compared based on the
quantity of BNNTs dispersed and the quality of the dispersions, as visualized by AFM
and cryo-TEM. All surfactants produce dispersions of individualized or small bundles
of BNNTs. Of the surfactants tested, high molecular weight, nonionic surfactants
suspend the most BNNTs, while ionic surfactants remove the most h-BN impurities.
The surfactant dispersions were further characterized by ensemble measurements,
such as UV absorption and photoluminescence, dynamic light scattering (DLS), and
zeta potential to investigate dispersion stability and quality. These techniques
provide a facile strategy for testing future BNNT dispersions. The results of this study
reveal that BNNT dispersions in aqueous solution can be tuned to fit a specific
application through surfactant selection.
In Chapter 3 we reveal a new method of imaging boron nitride nanomaterials,
among other things, through the use of fluorescent surfactants. Eight fluorescent
surfactants were synthesized by attaching aliphatic chains of 6, 10, 12, or 16 carbons
to the fluorescent dyes Rhodamine B and Eosin Y through a mild esterification
reaction. The measured critical micelle concentrations (CMC) for each surfactant
demonstrate an increasing CMC with decreasing aliphatic chain length, which is a
typical behavior for surfactants. Additionally, fluorescence quantum yield
experiments show a decrease in quantum yield with increasing aliphatic chain length,
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suggesting that the tails can interact with the dye, influencing its excited state. Finally,
applications for the fluorescent surfactants were demonstrated; as a cellular stain in
Panc-1 cells and as a dispersion and imaging tool for carbon and boron nitride
nanotubes. These surfactants could provide a useful tool for a wide array of potential
applications, from textile dyes to fluorescence imaging.
Chapter 4 will explore the visualization and dynamics of BNNTs undergoing
Brownian motion. 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 BNNTs 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.
In Chapter 5, we study how surfactant selection can influence the exfoliation
and dispersion of hBN in aqueous solution. Dispersions in nine different surfactants
and water were compared based on dispersion yield, quality, and stability. It was
revealed that while at low centrifugation rates, large molecular weight, nonionic
surfactants disperse the most material, upon higher centrifugation, all surfactants
produce similar dispersion yields, but dispersions in ionic surfactants contain
significantly better exfoliated sheets and remain stable over much longer periods of
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time. Finally, to demonstrate the scalability and effectiveness of these systems for
industrial applications, a dispersion of hBN in SDS was used to produce a transparent
hBN coating on glass.
In Chapter 6, we study the translational diffusion of hBN undergoing Brownian
motion under confinement as a model system for other 2D nanomaterials, such as
graphene and transition metal dichalcogenides. Despite the advancements that have
been made in the research of rod-like particles since their Brownian diffusion was
better understood, no such study has ever been performed for disk-like 2D materials.
We found that when compared to theoretical models for free diffusion, confinement
greatly decreases hBN sheet diffusion (~35x) and increases its dependence on sheet
size (~5x). Additionally, by comparing diffusion under 3 different confinement sizes,
we found a linear dependence of diffusion on gap size. This knowledge could be
monumental for the utilization of these materials in biological systems or for
manipulating liquid processing techniques to produce macroscopic materials from
these nanosheet building blocks.
Finally, chapter 7 will conclude and summarize the findings from the five
projects.
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Chapter 1

Introduction

Boron nitride nanomaterials compose a relatively new and vastly
understudied class of materials. They are structural analogs of carbon nanomaterials,
coming in as many forms and flavors, but with different, complementary properties.
The B-N bond is isoelectronic with the C-C bond, allowing for a variety of BN materials
with analogous structures as carbon. Nonetheless, due to the different chemistry of
the atoms composing BN materials, their properties markedly differ from their
carbon counterparts. This review will focus in on two allotropes in particular, boron
nitride nanotubes (BNNTs) and hexagonal boron nitride (hBN). These materials have
gained general interest in the last few years due to their particular morphology and
properties. Many good reviews have been published on the synthesis,
functionalization, and applications of Boron Nitride Nanomaterials,1–13 others have
broadly looked at liquid-phase exfoliation of various 2D materials, including hBN,14,15
and a mini-review published last year focused on theoretical studies of BNNT
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dispersion and functionalization.16 This review will provide an in-depth analysis of
experimental dispersion techniques for both BNNTs and hBN, and how they have
progressed over time. We hope that it will serve as a guide for continued studies
toward the achievement of more advanced BN materials and applications.

Figure 1. Schematic representations of (a) a single hBN sheet showing the
honeycomb-like structure of sp2 hybridized, alternating boron (dark blue) and
nitrogen (light blue) atoms and (b) a BNNT which can be thought of as a rolled-up
version of the hBN sheet.

1.1. Hexagonal Boron Nitride (hBN)
Since Geim and Novoselov first produced a single graphene layer through
mechanical exfoliation,17 the importance of two dimensional nanomaterials has not
been questioned. Just as graphene is composed of a honeycomb-like structure of sp2
hybridized carbon atoms, hexagonal boron nitride is composed of a honeycomb-like
structure of sp2 hybridized, alternating boron and nitrogen atoms (Figure 1). The
polarity of this B-N bond provides hBN with some distinguished properties from
graphene. For example, the register between the atoms is successive hBN layers for
the most stable structure is completely stacked,18 with alternating B and N atoms in
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adjacent layers. This is in contrast with graphite, where hexagonal structures in
successive layers are staggered.19 In addition, while the Young’s modulus of monolayer hBN was found to be roughly the same as that of graphene (~1 TPa),20–22 this
mechanical strength does not suffer with increasing BN layers,23 as was seen with
graphene.21 The thermal conductivity of hBN (~360 W/mK),24 though lower than that
of graphene (~2000 W/mK),25 is approaching that of copper. The thermal stability
far exceeds that of graphene, not experiencing oxidation in air until temperatures
greater than 900˚C.26 While graphene is electrically conductive, hBN has a wide band
gap around 5.9 eV making it an electrical insulator.26 Also, hBN is nearly transparent
in the visible region, while a strong absorber in the UV regions (ca. 205 nm) due to its
wide band gap.27
These unique and enticing properties make hBN an ideal candidate for a wide
variety of potential applications. hBN’s mechanical strength, thermal conductivity,
and thermal stability makes it an important additive for polymer composites.28–36 For
instance, Zhi and coworkers prepared composite films of exfoliated hBN in
polymethyl methacrylate (PMMA).28 These films were found to show a reduced
coefficient of thermal expansion and an increased elastic modulus (22% increase)
and strength (11% increase) when compared to PMMA alone. Similarly, Song and
coworkers prepared composites of hBN in poly(vinyl alcohol) (PVA) and epoxy resin
and measured their thermal diffusivities.29 They found that the thermal diffusivity
values increased with BN loading, reaching a maximum thermal conductivity of 30
W/mK, almost 100x greater than the thermal conductivity of PVA alone (0.31
W/mK).37 Other groups have developed hBN macromaterials, such as lightweight
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aerogels, foams, and membranes (Figure 2), which can also take advantage of hBN’s
impressive thermal and mechanical properties.27,32,38 Additionally, due to their
similar structures and complimentary properties, two-dimensional composites of
graphene and hBN have also been widely studied for electronics applications.26,36,39–
43

Since hBN has an atomically flat surface and an only 1.84% lattice mismatch with

the graphene lattice, hBN has very little impact on graphene’s electronic properties.39
These hBN graphene composites have been studied for application in many devices,
such as field-effect transistors,36,39–41 light-emitting diodes (LEDs),42,43 and solar
cells.44 Other potential applications for hBN include as protective coatings,45–48 as
substrates for surface-enhanced Raman spectroscopy,49,50 and in biocomposites,51,52
among others.

Figure 2. (a) Photo of an hBN aerogel of low density (1.4 mg/cm3) placed on the spike
of a plant. (b) Photo of a freestanding BN membrane held in a flame in ambient air.
Reprinted from Ref [27] (W. Lei et al. Nature Commun. 2015, 6, 8849.) Copyright ©
2015 Springer Nature. (c) Low-magnification scanning electron microscopy (SEM)
image of hBN/PVA foam (inset: photo of foam). Reprinted with permission from Ref
[53] (P. S. Owuor et al. ACS Nano, 2017, 11, 8944-8952.) Copyright © 2017 American
Chemical Society.
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1.2. Boron Nitride Nanotubes (BNNTs)
BNNTs are structural analogs of carbon nanotubes (CNTs) and can be
rationalized as rolled-up sheets of hBN (Figure 1). BNNTs were successfully predicted
by Rubio et al.54 before they were synthesized, a year later, by Zettl and coworkers.55
As was seen with hBN, the change in chemical makeup imprints BNNTs with
distinguished properties from those of CNTs. While the mechanical strength of both
species is similar and very high, ~ 1 TPa,22,56 BNNTs are much more chemically and
thermally stable, not oxidizing in air until temperatures ~ 800˚C,1,57 while CNTs begin
oxidizing at temperatures as low as 400˚C.58 Though the thermal conductivity of
BNNTs (~200 W/mK) is lower than that of CNTs (300-1000 W/mK), Chang and
coworkers found that using isotopically pure

11BNNT

could improve their thermal

conductivity to be equal to that of CNTs.59 Finally, the most striking difference
between the two materials is their electrical conductivity, with CNTs demonstrating
conducting or semiconducting properties, depending on tube chirality, while BNNTs
maintain a uniform wide band gap of ~5-6 eV,60 making them electrically insulating
regardless of structure.
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Figure 3. (a) 1 wt. % Pyridine-functionalized BNNT/polydimethylsiloxane (PDMS)
composite showing uniform dispersion of BNNT within the PDMS matrix. Inset shows
flexibility of composite. Reprinted with permission from Ref [61] (M. S. Chang et al.
Nano Res. 2020, 11, 8944-8952.) Copyright © 2020 Springer Nature. (b) Transparent
films of 1.0 wt.% lauryl-BNNTs/polycarbonate (PC) composite. Reprinted with
permission from Ref [62] (S. Lin et al. New J. Chem. 2017, 41, 7571-7577.) Copyright
© 2017 The Centre National de la Recherche Scientifique (CNRS) and The Royal
Society of Chemistry. (c) Fluorescent micrograph of a cell treated with BNNTs loaded
with curcumin. Reprinted with permission from Ref [63] (J. Niskanen et al.
Nanomedicine, 2016, 11, 447-463.) Copyright © 2016 Future Medicine Ltd.

These unique properties make BNNTs enticing for many potential applications
(Figure 3). As was seen with hBN, their mechanical strength, thermal stability, and
thermal conductivity make them useful additions for composites.61,62,64–75 For
example, Zhi and coworkers prepared BNNT/polystyrene (PS) composite films.75
While the films remained transparent to visible light, the addition of 1 wt. % BNNTs
increased the elastic modulus of the film by ~21% and made the films more stable to
oxidation.75 Similarly, earlier this year, Chang and coworkers reported the addition of
pyridine-attached BNNTs (Py-BNNTs) in composites of a variety of materials.61 They
found that adding 20 wt. % Py-BNNTs to epoxy improved the thermal conductivity by
69.6% and that adding 2 wt. % Py-BNNTs to polyvinyl alcohol (PVA) increased the
tensile strength by 75.3%.61 These properties have been utilized in other BNNT
materials, as well, such as films76,77 and mats.78 Additionally, since BNNTs are
commonly considered noncytotoxic in most cell lines, they have been proposed for
many biomedical applications, such as imaging and drug delivery.79–90 For instance,
Ciofani and coworkers conjugated the dye Oregon Green to BNNTs in order to image
them in cells and track their cellular uptake.79 Additionally, Emanet and coworkers
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noncovalently linked Doxorubicin, a common cancer drug, to BNNTs grafted with
folate, a cancer cell targeting group, in an attempt to deliver the drug and release it
inside cancer cells.90 BNNTs have also been proposed for sensing applications,2,91,92
hydrogen storage,93,94 space radiation shielding,3 and coatings for nanowires,95,96
among others.

Table 1. Summary of material properties

Property
Young’s Modulus

Graphene
0.891-1.0 TPa21,22

hBN
0.87±0.07 TPa20

CNT
1.8±1.4 TPa56

BNNT
1.22±0.24 TPa22

Thermal Conductivity

~2000 W/mK25

~360 W/mK24

300-1000 W/mK59

~200 W/mK59

Electrical
Conductivity
Oxidation
Temperature
(in air)

Conducting

Insulating

Insulating

300 – 500 ˚C97

> 900 ˚C26

Conducting/
Semiconducting
400˚C58

> 800˚C57,58

Obtaining the macroscopic materials and advanced applications that
researchers desire from these exciting nanomaterials relies, in most cases, on the
ability to prepare uniform, stable dispersions of these nanomaterials in solution. In
the case of hBN, this requires exfoliating individual sheets from the bulk material and
then stabilizing them in solution. For BNNTs, it often requires breaking apart the
nanotube network, as well as, separating BNNTs from BN impurities, to produce
individualized BNNTs stabilized in solution.
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1.3. Dispersion of hexagonal Boron Nitride (hBN)
Dispersing hBN in a solvent requires the nanosheets first be exfoliated from
the larger BN crystal and then stabilized in the desired solvent. The earliest
techniques for this were to use common solvents98,99 or Lewis bases,100,101 with one
polymer system also investigated.102 While these are effective at dispersing hBN, they
were not extremely effective at exfoliating large hBN crystals into few-layered sheets.
Soon thereafter, groups tried protonation from super acids,103 covalent
functionalization through oxidation of B sites,104–108 other polymers and
surfactants,109–113 and solvent mixtures.114,115 More recently, groups have developed
procedures using biomolecules,116,117 intercalating agents,118,119 or thermal
expansion120,121 in an attempt to more effectively break apart stacked hBN sheets into
mono- or few-layers. This section will cover each type of hBN dispersion method and
the advances that have been made toward better exfoliation (i.e. thinner sheets with
larger lateral dimensions) and increased dispersion concentration and stability.
1.3.1. Solvents
Many of the initial studies on hBN dispersion focused on using common
solvents, such as N,N-dimethylformamide (DMF), dichloroethane, N-methyl-2pyrrolidone (NMP), or isopropyl alcohol (IPA).98,99,114 In 2009, Zhi and coworkers
dispersed hBN in DMF by tip sonicating for 10 hours.98 They predicted the polar
solvent would be ideal for overcoming the Van der Waals forces between BN layers.
They could obtain dispersions of hBN sheets less than 20 layers thick and used them
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to prepare composite films in PMMA for improved thermal and mechanical
properties.98 Soon thereafter, Warner and coworkers chose to use 1,2-dichloroethane
to produce few-layered hBN sheets.99 In this case, the solvent was chosen for its lower
boiling point and the exfoliated sheets were used for detailed analysis of hBN
structure by transmission electron microscopy (TEM) and high resolution-TEM (HRTEM).99 In 2011, Coleman and coworkers did a systematic investigation into solvent
dispersions of multiple 2D materials, establishing the framework for using Hansen
Solubility Parameter Theory for this purpose.114 For hBN, they found NMP and IPA
were the most promising solvents, reaching concentrations of ~0.06 mg/mL in IPA.
Finally, they used the dispersion as a filler for thermoplastic polyurethane for
mechanical reinforcement.114 From these findings, many groups utilized IPA or NMP
dispersions for further applications. For instance, Song and coworkers dispersed hBN
in IPA by sonicating for 48 hours and then used the dispersion to prepare PVA
composites.122 Similarly, Xue and coworkers exfoliated hBN in IPA through a
combination of heating and sonication, and the dispersed sheets were fluorinated to
improve their electrical conductivity.123 In 2016, Shang and coworkers tried to
homogenize hBN in IPA using a high pressure homogenizer.124 After 10 minutes at a
pressure of 100 MPa, the dispersion concentration in IPA was improved to ~0.08
mg/mL, as compared to ~0.06 mg/mL for Coleman’s procedure, after a similar
centrifugation was applied to remove larger aggregates.114,124 In 2013, Mutz and
coworkers performed a similar study to Coleman’s, investigating the HildebrandScatchard Solution Theory for various BN materials (BNNTs, functionalized-BNNTS
(f-BNNTs), and hBN).125 Their results found ethyl acetate, methanol, and acetone to
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be ideal solvents for hBN dispersion, not fully matching the predicted values for the
material.125
Based off the Hansen Solubility Parameters and surface energy of hBN,
researchers have utilized an array of other, less common solvents, such as benzyl
benzoate,126 ethylene glycol,127 and thionyl chloride.128 In 2011, Li and coworkers
tried exfoliating hBN in benzyl benzoate with a combination of ball milling and
sonication.126 By analyzing the sample with Near Edge X-Ray Absorption Fine
Structure (NEXAFS) spectroscopy, they found that this procedure does little damage
to the hBN structure.126 Later, Huang and coworkers dispersed hBN in ethylene glycol
with sonication.127 This procedure produced hBN (~1 nm thick) dispersions with
concentrations up to 0.5-1 mg/mL that were stable for several days (Figure 4).127
Finally, Sun and coworkers used thionyl chloride as an hBN exfoliation solvent.128
After sonication for 20 hours and a very light centrifugation, they could produce a
dispersion yield of 20% that was stable for 9 days. They used the dispersed hBN to
immobilize Pd nanoparticles for catalysis of the hydrogenation of nitro aromatics.128
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Figure 4. (a, b) TEM images of few-layer hBN sheets dispersed in ethylene glycol. (c)
Atomic force microscopy (AFM) image of the dispersion with a size of 2.5 µm x 2.5
µm. (d) Height profile plot corresponding to the white line marked in (c). Reprinted
with permission from Ref [127] (Huang et al. J. Mater. Chem. A, 2013, 1, 12192.)
Copyright © 2013 The Royal Society of Chemistry.

Cosolvent Systems
Other groups used the Hansen Solubility Parameters as a guideline for
preparing mixed solvent systems that could be more effective than single solvents.
Many of these studies focus on alcohol/water mixtures. For instance, In 2011, Zhou
and coworkers tested mixtures of ethanol and water for exfoliation and dispersion of
various 2D materials.115 They achieved their highest concentration of hBN (0.075
mg/mL) in 55 vol% ethanol/water after 8 hours of sonication and centrifugation at
3000 rpm. Using these dispersions, they prepared thin films by electrophoretic
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deposition.115 Marsh and coworkers furthered this study, examining mixtures of
various alcohols or acetone in water.129 They tested mixtures ranging from 0-100%
of acetone, methanol, ethanol, 1-propanol, IPA, or t- butanol in water and compared
the relative hBN concentration after 3 hours of sonication and 20 min centrifugation.
Based on the absorbance at 400 nm, all solvent mixtures were optimal around 40-60
w/w%, with t-butanol performing the best and acetone performing the worst.129 In
fact, they found that increased dispersion concentration was directly proportional to
the solvent’s molecular weight.129 Shen and coworkers probed the surface tension of
various 2D materials and chose solvent mixtures that had very similar surface
tensions to the material.130 With this method, they found 1:1 IPA/water to be an ideal
solvent mixture for hBN and produced well exfoliated sheets with an average
thickness of 1.3 nm.130 In 2016, the same group extended this work to more solvent
ratios and analyzed both the whole surface tension and the polar to dispersive surface
tension ratio.131 Using these properties, they determined optimized ratios of
IPA/water (30:70), acetone/water (50:50), and tetrahydrofuran (THF)/water
(40:60) for hBN dispersion and used the dispersions as mechanical reinforcements
for polyethylene oxide (PEO) films.131 Wang and coworkers found, using an
IPA/water ratio of 3:2 and 3 hours of sonication, they could obtain an hBN
concentration of 0.3 mg/mL that was stable for 3 months.132 In 2016, Habib and
coworkers probed the t-butanol/water cosolvent system to better understand the
role of the alcohol component.133 Through solvent exchange experiments and
simulations they found that t-butanol acts as a liquid surfactant, shielding the hBN
from water. After 90 min tip sonication in 60:40 t-butanol/water solution, an hBN
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concentration of 0.213 mg/mL was reached and the dispersion remained stable for
over 18 months.133
Other cosolvent systems that have been applied to hBN dispersion include
alkanolamines/water134 and urea/glycerol.135 Zhang and coworkers tested cosolvent
systems methanolamine (MEA)/water and NMP/water for optimized hBN dispersion
yield and stability. They found the best results with 30 wt.% MEA in water, reaching
an hBN concentration of 1.5 mg/mL that was relatively stable for 300 hours.134 In
2019, Zheng and coworkers dispersed hBN and graphene in a 2:1 mixture of
urea:glycerol with mechanical stirring.135 They were able to produce very thin sheets
(~0.7 nm) and used the exfoliated materials to form a nanocomposite that was
applied as an electrode for a supercapacitor.135
Ionic Liquids
In 2015, Morishita and coworkers tested ionic liquids, 1-butyl-3-methylimidazolium

bis

(trifluoromethylsulfonyl)imide

([bmim][Tf2N]),

1-ethyl-3-

methylimidazolium bis (trifluoromethylsulfonyl)imide ([emim][Tf2N]), 1-ethyl-3methylimidazolium trifluoromethanesulfonate ([emim][TfO]), 1-butyl-3-methylimidazolium

bis

(trifluoromethylsulfonyl)imide

trifluoromethanesulfonate

([bmim][TfO]), 1-butyl-3-methyl-imidazolium hexafluorophosphate ([bmim][PF6]),
and 1-butyl-3-methyl-imidazolium tetrafluoroborate ([bmim][BF4]), for hBN
dispersion.136 After 8 hours of mild bath sonication, all mixtures formed a stable
dispersion either orange (Tf2N and TfO liquids) or white (BF4 and PF6 liquids) in color
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(Figure 5). The best dispersions were obtained from [bmim][PF6] with a
concentration of 1.9 mg/mL of hBN sheets with 1-6 layers.136

Figure 5. (a) Schematic diagram of ionic liquid-mediated exfoliation of hBN. (b)
Photographs of [bmim][Tf2N], hBN/[bmim][Tf2N] supernatant, [bmim][PF6], and
hBN/[bmim][PF6] supernatant. Reprinted with permission from Ref [136] (T.
Morishita et al. Chem. Commun. 2015, 51, 12068.) Copyright © 2015 The Royal Society
of Chemistry.

1.3.2. Covalent Functionalization
Covalent functionalization is a common method to obtain dispersed hBN in
various solvents, as it offers a way to tune the polarity and hydrophilicity of the
material depending on the moiety that is grafted. The majority of reported
functionalization methods for hBN rely on oxidation of B sites, either by water,104
radical addition,105,106 common oxidizers,107,108,137 or fluorine.138,139 Less common
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methods utilize reactions with amine groups in edge or defect sites140 or reduction.141
This section will analyze each type of covalent functionalization and how different
techniques have progressed over time.
Hydrolysis
The first reported method of covalent functionalization of hBN sheets was
through hydrolysis with water (Figure 6).104 Lin and coworkers reported that after 8
- 24 hours of sonication in DI water alone, hBN sheets were exfoliated and cut, with
hydroxyl groups covering the cut edges. Though this method drastically reduces the
lateral size of the hBN sheets (< 200 nm), mono- and few-layer (< 1 nm thick) hBN
can be obtained at concentrations of 0.05 – 0.1 mg/mL.104 The dispersed hBN were
filtered to produce a flexible thin film and were tested for biocompatibility with
ferratin protein.104

Figure 6. (a) Schematic demonstrating how sonication of hBN in water cuts and
functionalizes the sheets. (b) Typical AFM topographic image showing an area
populated with hBN nanosheets with feature heights less than 1 nm. (Inset: Height
profile plot corresponding to the dotted line). Reprinted with permission from Ref
[104] (Y. Lin et al. J. Phys. Chem. C, 2011, 115, 2679-2685.) Copyright © 2011 American
Chemical Society.
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Radical Addition
In 2012, Sainsbury and coworkers reported oxygen radical functionalization
of boron sites of hBN using di-tert-butylperoxide.105 The hBN was first dispersed in
NMP following Coleman’s procedure114 and then reacted with di-tert-butylperoxide
under high temperature and pressure for 12 hours, producing t-butoxy grafted
sheets. Then, the functionalized hBN sheets (f-hBN) were stirred in piranha solution
for 2 hours to remove the butyl- moieties and leave behind hydroxyl groups on the
hBN surface (OH-hBN).105 The OH-hBN is readily dispersible in water, reaching
concentrations of 0.107 mg/mL (5-fold higher than pristine hBN). OH-hBN was also
used to prepare PVA composites and was further functionalized through a reaction
with isocyanate groups in 1,6-hexamethylenediisocyanate, which enabled it to be
dispersed in dichloromethane (DCM).105 The same group followed a similar method
to functionalize hBN with nitrene radicals.106 In this case, after dispersion in NMP by
previously reported methods,114 the dispersed hBN was reacted with 4methoxybenzyloxycarbonyl azide at 160˚C for 16 hours, producing methoxyphenyl
carbamate-functionalized hBN (MPC-hBN). Addition of the MPC- moiety improved
dispersibility in ethanol, chloroform, cyclohexylpyrrolidone, and DMF by 2-3x that of
pristine hBN, reaching concentrations of 0.05 mg/mL in ethanol, but reduced
dispersibility in IPA, THF, and toluene.106 This reaction was then extended to attach
polymer chains to the hBN surface for improved compatibility in composites.
Azidopentanoic acid molecules were reacted with hBN to graft carboxylic acid groups
to the surface that could then be coupled to amines or alcohols, in this case
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poly(bisphenol A-co-epichlorohydrin) (PBCE).106 PBCE-hBN was added to a polymer
matrix to improve its mechanical strength and toughness properties.106
In 2017, Radhakrishnan and coworkers utilized fluorine radicals to fluorinate
hBN.142 They first dispersed hBN in DMF and then added it to a solvothermal reactor
with a perfluorinated polymer, Nafion. When heated to 200˚C, the polymer undergoes
degradation, producing fluorine radicals which then interact with the B-N bonds of
hBN. The addition of fluorine, modified the electronic band structure of hBN, and
resulted in the production of a magnetic semiconductor material.142 Moreover, the
authors found extended reaction times could lead to the production of fluorinated
boron nitride quantum dots.143
Oxidation of B Sites
As with Sainsbury’s initial work,105 many efforts toward covalent
functionalization of hBN were geared toward attaching hydroxyl groups to the sheet
surface. This can be accomplished either through heating or ball milling the BN
powder in common oxidizing agents. In 2012, Nazarov and coworkers accomplished
this by mixing hBN with hydrazine, H2O2, HNO3/H2SO4, or oleum and heating it in an
autoclave at 100˚C for 30 – 40 hours.108 In 2014, Bhimanapati and coworkers mixed
hBN with KMnO4 in 1:8 H3PO4:H2SO4 for 12 hours at 75˚C.137 In 2017, Jing and
coworkers mixed BN powder with an assortment of oxidizing agents, H2SO4, K2S2O8,
and P2O5, at 80˚C for 4.5 hours, followed by H2SO4 and KMnO4 at 35˚C for 2 hours.144
In 2015, Lee and coworkers were the first to attach -OH groups to hBN through ball
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milling, milling in NaOH for 24 hours.145 Other groups followed similar procedures,
but with NaClO (16 hours),146 2-furoic acid (2 hours),147 or boric acid (48 hours).148
OH-hBN were more dispersible in water (0.2 - 0.3 mg/mL),108,137 DMF (0.34-0.52
mg/mL),108 IPA (0.425 mg/mL),145 acetone,137 and ethanol,137 with greatly improved
stability for months146,147 after sample preparation. Additionally, OH-hBN can be used
as a nanofiller for polyethylene nanocomposites,145 combined with Ag nanoparticles
for catalysis applications,146 cross-linked with PVA to form biocompatible hydrogels
(Figure 7)144 or ethylenediamine (EDA) to form aerogels,147 or separated by
centrifugation to collect hBN sheets with similar sizes.148,149

Figure 7. (a) OH-hBN/PVA interpenetrating hydrogels were fabricated by a cyclic
freeze/thaw process based on the hydrogen bonding interactions between the OHhBN and PVA chains. (b) Photo of the composite hydrogels which can be freely
shaped. Reprinted with permission from Ref [144] (L. Jing et al. ACS Nano, 2017, 11,
3742-3751.) Copyright © 2017 American Chemical Society.

In addition to hydroxyl groups, a variety of other moieties have been grafted
to hBN through oxidation of B sites. In 2012, Yu and coworkers attached amino
groups by reacting BN powder with g-aminopropyl triethoxysilane (g-APS) under
reflux for over 4 hours.107 The amine groups could be further reacted with
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hyperbranched aromatic polyamide (HBP) to improve hBN dispersion in epoxy for
production of epoxy composites with improved thermal properties.107 In 2015,
Kumari and coworkers oxidized hBN with H2SO4, NaNO3, and KMnO4 before
functionalizing with octadecyltriethoxysilane (ODTES).150 The long alky chain-grafted
hBN were more dispersible in polyol ester lubricant base oil and improved its
tribological properties.150 Jin and coworkers did a simple low temperature oxidation
of hBN at 600˚C in air to produce amorphous boron oxides on the hBN surface151 This
procedure created B-O bonds on the surface and made the material more dispersive
in ethanol.151 In 2015, Lei and coworkers attached amine groups to B sites through
ball milling in urea powder.152 The NH2-functionalized hBN could form very
concentrated dispersions in water (30 mg/mL) that transformed into hydrogels after
sitting for 2 weeks. Cryodesiccation or vacuum filtration of the dispersions could also
be used to form aerogels or transparent thin membranes.152 Finally, in 2019, Chen
and coworkers ball milled hBN with sucrose crystals to produce sucrose-grafted
hBN.153 The sugar molecules covalently attached to both B (through B-O bonds) and
N (through N-CH bonds). The sugar-grafted hBN could form stable dispersions in
water (~10 mg/mL), DMF (~4 mg/mL), and ethanol/water mixtures (~36 mg/mL),
however the lateral sizes of the dispersed particles are relatively small (100-200
nm).153
In 2019, two groups reported methods for attaching fluorine to B sites of hBN
using ammonium fluoride. ul Ahmad and coworkers used hydrothermal treatment of
ammonium fluoride to produce fluorine free radicals that could react with B sites.138
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Alternatively, Bai and coworkers used ball milling in an ammonia fluoride aqueous
solution to attach fluorine atoms.139 The groups found that the fluorinated hBN could
be used as a candidate for metal-free magnetic material138 or as a water dispersible
lubricant additive for improved friction and wear.139
Reaction with edge/defect sites
hBN edges and defect sites are covered in amino and hydroxyl groups that are
open to functionalization. In 2013, Jin and coworkers took advantage of these sites
and reacted them with methylenebis(phenyl isocyanate).140 This molecule has an
isocyanate moiety on each end, so one can attach to the hBN sheet and the other can
be further reacted with other amine or hydroxyl groups. In this case, diamine
diphenyl sulfone was reacted with the isocyanate, producing a highly conjugated
functional group that improved hBN dispersibility in and interaction with
bismaleimide resin for composites.33 The edge and defect sites are more commonly
utilized for noncovalent acid-base functionalization, which will be covered in section
1.3.3.
Reductive conditions
The final method applied to functionalizing hBN sheets is using reductive
conditions. Our group demonstrated this in 2019, by using the Billups-Birch reaction
between hBN and bromododecane to attach dodecyl groups to the hBN surface.141
This reaction uses Li in liquid ammonia to produce solvated electrons that can reduce
the hBN and exfoliate the hBN sheets and produce alkyl radicals. After the reaction,
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the average f-hBN thickness has decreased ~10x while the lateral dimensions remain
roughly the same.141 Moreover, alkylated hBN sheets were more dispersible in
dodecane and THF and less dispersible in water and IPA than pristine hBN, showing
they had obtained more hydrophobic characteristics. Finally, f-hBN was filtered to
produce a transparent, hydrophobic film (Figure 8).141

Figure 8. Water contact angle measurements of hBN (a) and fhBN (b) films prepared
on nylon. (c) Front and (d) top views of the fhBN film with a water droplet on top and
illuminated from below with an LED. Reprinted with permission from Ref [141] (C. A.
de los Reyes et al. J. Phys. Chem. C, 2019, 123, 19725-19733.) Copyright © 2019
American Chemical Society.

1.3.3. Acids and Bases
Another common way to modify and disperse hBN sheets is through the use of
acids and bases, either in the form of Lewis bases interacting with acidic B sites or
strong protic acids, such as methanesulfonic acid and chlorosulfonic acid, protonating
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and exfoliating sheets. Other acids have been applied as intercalating agents, but they
will be discussed in section 1.3.6.
Lewis Bases
Initial works using Lewis bases for the noncovalent modification of the surface
of hBN were performed by Lin and coworkers in 2010.100,101 First, they utilized
octadecylamine (ODA) and amine-terminated polyethylene glycol (PEG) as Lewis
bases to form adducts with B sites by heating to 160-180˚C for 4-6 days.101 The basehBN adducts were readily dispersible in different solvents, water and chloroform for
PEG-hBN and THF, chloroform, DCM, and toluene for ODA-hBN. All dispersions were
relatively stable at 0.01 mg/mL for up to a few months.101 The group then attempted
to increase adduct formation by ball milling the hBN with ODA to introduce defect
sites.100 They found that increasing the concentration of defect sites improves the
reaction efficiency with ODA and increases the concentration of ODA-hBN that can be
dispersed in THF.100 In 2014, Cao and coworkers used NH3 as a Lewis base, sonicating
hBN in a 3:2 mixture of NH3:IPA for 35 hours.154 After this process, the hBN was
exfoliated into few-layered sheets and could form stable dispersions in IPA for at least
a month.154 In 2016, Kumari and coworkers tested alkylamines with different chain
lengths, butylamine (BA), ODA, and trioctylamine (TOA), for their ability to form
Lewis acid-base adducts with hBN and dispersed them into mineral oil.155 The
adducts were formed by refluxing pre-exfoliated hBN (by Coleman’s procedure in
NMP)114 with the alkylamine in toluene for 72 hours. Of the 3 tested amines, ODA
formed the most adducts with hBN, as revealed by the weight loss in the thermal
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gravimetric analysis (TGA), but TOA-hBN exhibited the best dispersibility in mineral
oil, reaching a concentration of .02 mg/mL that was stable for at least 10 days.155
Strong Protic Acids
Some very strong acids have also been applied toward the dispersion of hBN.
For instance, methanesulfonic acid (MSA) was utilized by Wang and coworkers to
exfoliate and disperse hBN.103 After sonication for 8 hours, hBN concentrations of 0.20.3 mg/mL could be reached in MSA and the dispersions were stable for months.
Moreover, after quenching in water and transferring the now exfoliated hBN sheets
into organic solvents, they could produce dispersions up to 0.5 mg/mL in NMP.103 The
authors proposed that the acid protonates the hBN surface, producing a perturbation
of electronic charge that induces a repulsive force between hBN sheets and aids its
exfoliation and dispersion.103 In 2016, Morishita and Okamoto extended the research
into acid dispersion of hBN to chlorosulfonic acid (CSA), which is a superacid
(stronger than 100% sulfuric acid).156 After 8 hours of sonication in CSA, the mixture
was quenched with water and dried. The acid-exfoliated hBN could be redispersed in
acetone, dimethyl sulfoxide (DMSO), and IPA, reaching a concentration of 0.75
mg/mL in IPA.156 The dispersed hBN was used to prepare thermally conductive and
electrically insulating composite films with PMMA.156 Finally, in 2018 Jasuja and
coworkers probed the dispersion of hBN with CSA more thoroughly to better
understand the mechanism.157 They found from x-ray photoelectron spectroscopy
(XPS) measurements that the protonation occurs on the N sites, introducing aminated
nitrogen sites. Additionally, by conjugating these sites to a fluorescent dye,
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fluorescein isothiocyanate (FITC), they could image the sheets and show that the
protonation sites are distributed uniformly on the sheet surface (Figure 9).157

Figure 9. (a) Schematic of how protonation of ultra thin hBN sheets (UTBNSs) by CSA
helps to exfoliate and electrostatically stabilize them in water. (b) Confocal image of
a UTBNS covalently tagged with FITC molecules suggesting a uniform presence of
protanated N atoms on its surface. The bottom right inset shows the corresponding
optical image. Reprinted with permission from Ref [157] (K. Jasuja et al. ACS Nano,
2018, 12, 9931-9939.) Copyright © 2018 American Chemical Society.

1.3.4. Surfactants and Polymers
Another very common method for hBN exfoliation and dispersion is through
the use of surfactants and polymers as wettability agents. These species are typically
composed of two parts, one that can interact well with the hBN sheet and the other
that makes it soluble in the desired solvent. In the case of surfactants, this results in
the formation of micelles when the surfactant is used at high enough concentrations.
Surfactants and polymers can generally be broken down into two types, ionic and
nonionic.
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Nonionic Surfactants and Polymers
To the best of our knowledge, the earliest polymer used for hBN exfoliation
and

dispersion

was

poly(m-phenylenevinylene-co-2,5-dictoxy-p-

phenylenevinylene.102 Han and coworkers used this polymer in 2008, demonstrating
the first liquid exfoliation of hBN. After 1 hour of sonication in a polymer/1,2dichloroethane solution (1.2 mg/10mL), they produced 1-3 layered hBN sheets which
could be used for extensive TEM and HR-TEM analysis.102
After this, the most common polymers reported for hBN dispersion are
PVA,112,158 polyvinylpyrrolidone (PVP),159–162 and polydopamine (PDA). In 2013, Khan
and coworkers first reported using aqueous PVA solutions (20 mg/mL) for dispersing
hBN through a mixture of tip sonication, bath sonication, and centrifugation.112 They
obtained dispersions of hBN flakes of 1-6 layers with lateral sizes ~1.4 µm that were
used to make PVA composite films with improved mechanical properties.112 In 2017,
Zhang and coworkers tested the impact of changing hBN:PVA ratio on forming
aerogels from the suspension.158 Moreover, many other groups used PVA to form
composites with hBN dispersed by different means.29,105,144,153,163,164
In 2014, Guardia and coworkers tested an assortment of nonionic surfactants,
including PVP, Tween 80, Tween 85, Brij 30, Brij 700, Triton X-100, gum Arabic (GA),
Pluronic P123, and n-dodecyl b-D-maltoside (DDM).159 Of all the compounds tested,
PVP performed the best, dispersing concentrations of 0.11 mg/mL of hBN with 5-25
BN layers.159 In 2015, Ma and Spencer compared PVP to polythiophene (PT) and
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functionalized PTs, poly(3-thiophenezoic acid) (PTPA), poly(3-hexylthiophene-2,5diyl) (H3PT), and poly(3-thiophene acetic acid) (P3TAA).160 They found the best
dispersions came from PVP in DMSO and H3PT in chloroform, remaining stable for at
least 3 weeks in both cases. Additionally, they determined that the PTs interact with
hBN sheets through π-π stacking interactions while PVP wraps or coats the sheets.160
Bari and coworkers tested PVP-hBN dispersions in a variety of solvents.161 After tip
sonication, they could produce stable hBN dispersions in water, methanol, ethanol,
IPA, chloroform, DMF, DMSO, and NMP, with NMP reaching the highest concentration
of 1.1 mg/mL.161 In 2019, Zhu and coworkers tested a different method for PVP
dispersion, a water freeze-thaw technique, in the hopes of increasing the dispersion
concentration and stability.162 In this technique, a freeze-thaw cycle in which the
water/PVP/hBN mixture is strongly agitated for 12 hours at 4˚C, cooled to -26˚C for
12 hours, thawed to room temperature, and then sonicated, is repeated 30 times to
obtain well exfoliated hBN sheets (1-3 layers).The final concentration in water
reached 1.64 mg/mL and was stable for several months.162 It was proposed that this
method works by the PVP adsorbing to the hBN surface through strong hydrophobic
and π-π interactions for stability and the water molecules intercalating between hBN
sheets at 4˚C and then expanding when frozen.162
PDA was first reported for hBN dispersion in 2015 by Shen and coworkers.164
The hBN was first dispersed in a 3:1 Tris buffer: ethanol solution containing
dopamine hydrochloride, which, after stirring for 6 hours at room temperature,
polymerized and coated the hBN sheets. Addition of PDA improved dispersibility in
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water and was used to prepare a composite film in PVA, which showed improved
thermal conductivity compared to those without PDA.164 In 2017, Wang and
coworkers coated hBN that had been dispersed in IPA and water (discussed in section
1.3.1) with PDA to improve their stability in water.132 In fact, after addition of PDA,
the dispersion in water was stable for more than 6 months.132 Later, in 2019, Ge and
coworkers coated hBN with PDA to aid production of composites with pineapple leaf
microfibril cellulose and PVA.163
Other unique polymers have also been implicated for use in hBN dispersion
and will be discussed in chronological order. In 2013, Liu and coworkers used a PS
and PMMA copolymer (P(S-b-MMA)) to tune the dispersibility of hBN in different
organic solvents.111 Naturally, the PS block prefers to interact with hBN through π-π
interactions and PMMA extends into the solvent. In this case, the hBN is dispersible
in acetone (.078 mg/mL) and toluene (0.123 mg/mL) for at least 48 hours, but not
cyclohexane.111 Alternatively, if Cu salts are added to the mixture, PMMA will
coordinate to hBN through the Cu ions and PS will extend into solution. In this case,
the hBN is dispersible in cyclohexane (0.237 mg/mL), but not acetone.111 In 2015, Zhu
and coworkers studied dispersion in Pluronic F68 and how it could be used for a
density gradient ultracentrifugation (DGU) method for thickness sorting hBN sheets
(Figure 10).165 They found that using many iterations of ultracentrifugation and the
density medium, iodixanol, they could sort hBN into 14 distinct bands of increasing
thickness, ranging from 0.5-1 nm to 2.5-3.5 nm. The sorted hBN sheets were used to
make ultrathin films and dielectrics.165 In 2016, Joseph and coworkers studied the use
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of PC for dispersion of hBN in DMF.166 They found that after 48 hours of sonication,
they could obtain primarily 1-2 layer hBN sheets. These dispersions were used to
produce hBN ink.166 In 2017, Muhabie and coworkers utilized adenine functionalized
polypropylene glycol (A-PPG) to disperse hBN in THF with 3 hours of
ultrasonication.167 They tested a variety of hBN:A-PPG ratios and found they obtained
the highest dispersion concentration of 0.2 mg/mL with a 50:50 ratio.167 In 2018, Ye
and coworkers tested a hyperbranched polyethylene (HBPE) for stabilizing hBN in a
variety of solvents.168 After optimizing the solvent, HBPE molecular weight, hBN and
HBPE concentrations, and sonication time, they produced hBN dispersions in
chloroform of ~0.1 mg/mL. Additionally, they determined that interactions between
the hBN and HBPE occur through nonspecific CH-π interactions, and, therefore, the
polymer-solvent interactions could not be too strong or no hBN would be stabilized
in solution.168 The dispersed material was used to prepare composite films and study
their dielectric properties.168 In the same year, Du and coworkers studied an alkyl
ethyoxylate surfactant, Rhodoline WA9 for stabilizing hBN in water.169 After a
combination of ball milling (15 hours) and sonication (2-24 hours), they produced a
slurry with a concentration of ~36.3 mg/mL that was used to make coatings on SiO2
fibers and composites for improved mechanical strength and thermal stability.169
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Figure 10. (a) Schematic illustration of the hBN exfoliation process using the
copolymer surfactant Pluronic F68. Amphiphilic F68 exfoliates thin hBN flakes
through the interaction of its hydrophobic chain segment (blue color) with the hBN
surface while its hydrophilic chain segments (yellow color) stabilize the flakes in
aqueous solution. (b) An illustration of the three-step process for sorting hBN
according to size and thickness. (c) Eight distinct hBN bands are visible in the
centrifuge tube after step 3, indicating effective sorting by thickness. Reprinted with
permission from Ref [165] (J. Zhu et al. Nano Lett. 2015, 15, 7029-7036.) Copyright ©
2015 American Chemical Society.

Ionic Surfactants
Ionic surfactants are composed of a hydrophobic portion that can interact with
hBN and a charged portion that solubilizes it in solution. For this reason, they are
typically used for dispersion in water, rather than organic solvents. Most ionic
surfactants are smaller molecules, however, in 2013, Lu and coworkers reported the
use of an ionic polymer, poly(sodium-4-styrenesulfonate) (PSS) for hBN dispersion
in water.113 After sonicating and heating the mixture, the PSS-hBN dispersion is stable
for a month without precipitation and contains hBN sheets ~3-6 layers thick. This
dispersion was compared to one with a small, aromatic molecule, sodium perylene3,4,9,10-tetracarboxylate (STPB), which produced very similar results.113
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The remaining reports of hBN dispersions in ionic surfactants use common
surfactants, sodium cholate (SC),109,170 sodium dodecyl sulfate (SDS),110 and sodium
deoxycholate (SDC).170 In 2011, Smith and coworkers tested exfoliation of various
layered compounds in aqueous SC solution using tip sonication.109 Though most
thorough analysis was performed on MoS2 dispersions, hBN demonstrated good
dispersibility in SC with well exfoliated sheets. The authors used these dispersions to
prepare films by vacuum filtration.109 Others have used their protocol to exfoliate hBN
for making hBN-graphene quantum dot (GQD) nanocomposites for fluorescent cell
imaging171 and to study the use of optical tweezers for positioning single hBN
sheets.172 In 2012, Yao and coworkers reported the use of SDS for dispersing 2D
materials through a combination of ball milling and sonication.110 They found that
after 12 hours of ball milling and 2 hours of sonication, hBN concentrations up to ~1.2
mg/mL could be produced that were stable for hundreds of hours. These dispersions
were also used to prepare films by vacuum filtration.110 Finally, in 2018, Chae and
coworkers tested hBN dispersion in SC and SDC aqueous solutions with 8 hours of
sonication.170 The hydrophobic steroid skeleton of the surfactants interacts well with
the conjugated sheets. Both surfactants produce dispersions, but SC produces higher
concentrations (2.22 mg/mL) of thinner hBN sheets (< 2 nm) than SDC (1.08 mg/mL,
> 4 nm).170
A recent study in 2018 by Wang and coworkers compared ionic and nonionic
surfactants for hBN dispersion, concentration, and stability in alkaline environments
with the goal of using it to enhance Portland cement paste.173 Here, they found that
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addition of ionic surfactant, SDS, or nonionic surfactants, PC or GA reduced the
dispersion concentration compared to water alone. They did find, however, that GAhBN dispersions are stable in alkaline cement pore solution, while the others are
not.173 Finally, they tested hBN dispersions in water alone for their impact on cement
hydration and strength improvement.173
1.3.5. Biomolecules
The mechanism of dispersion of hBN by biomolecules is similar to surfactants
and polymers, they just have a biological, rather than synthetic origin. While
biomolecules have been extensively utilized for BNNTs dispersion and application in
in vivo and in vitro studies (as will be discussed below in section 1.4.3), for hBN very
few biological studies have been performed and biomolecules were only recently
explored for dispersion studies. In 2018, two groups reported the use of alginic acid,
a compound derived from sea algae, for hBN dispersion.116,117 Wang and coworkers
tested alginic acid for dispersal of 7 C and BN nanomaterials, and found that for hBN
it failed to produce a stable dispersion, with only 20% of dispersed material
remaining after 7 days.117 Chu and coworkers utilized the sodium salt of alginic acid
and were able to reach an hBN concentration of 0.86 mg/mL in water after stirring
and sonication.116 Though they did not perform long-term stability studies, they were
able to use the dispersions to make unsaturated polyester resin composites with
improved thermal and mechanical properties.116 In 2019, Deshmukh and coworkers
tested 17 plant extracts in IPA for hBN dispersion after 24 hours of sonication.174 They
found that extracts from panax ginseng roots, morus nigra leaves, and hovenia dulcis
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stems could produce stable dispersions of ~5 nm thick hBN sheets that would remain
stable for up to 18 days. In the same year, Wang and coworkers applied soy protein
isolate as a natural surfactant for hBN dispersion.52 After a combination of tip and
bath sonication, they could produce a dispersion concentration of 0.65 mg/mL that
was used to prepare cellulose nanofiber composite films.175 Finally, in 2019, two
polysaccharides, pectin176 and ethyl cellulose (EC),177 were offered for hBN
dispersion. Yang and coworkers dispersed hBN in 50:50 water:IPA solutions, with
pectin as a stabilizer, through a combination of stirring and ultrasonication.176 The
dispersed material was stable for at least 360 hours and was used to make pectin
aerogels with improved thermal stability, mechanical properties, and flame
retardancy (Figure 11).176 Moraes and coworkers stabilized hBN with EC through
shear mixing in ethanol.177 The exfoliated hBN was thin (~2 nm) with small lateral
sizes (< 100 nm), making it ideal for hBN ink printing. The materials was redispersed
in solvents ideal for different types of printing and used to make ion-conductive
printed films and printed separators for Li-ion batteries.177
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Figure 11. The burning behaviors of neat pectin and a pectin/hBN aerogel
(pectin/BNNSs-2) over 10 seconds. Reprinted with permission from Ref [176] (W.
Yang et al. Composites Part A, 2019, 119, 196-205.) Copyright © 2019 Elsevier.

1.3.6. Intercalating Agents
As can probably be inferred from the name, intercalating agents can populate
the interlayer region between hBN sheets promoting interlaminar expansion and
exfoliation. With only a couple exceptions, most intercalating agents can be broken
into two categories: acids or salts. In either case, ions will intercalate between
neighboring hBN sheets and disrupt the interlayer interactions.
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Intercalating Acids
H2SO4 has been reported twice as an intercalating acid, although very different
methodologies were utilized for obtaining exfoliated sheets.118,178 In 2013, Du and
coworkers reported one technique that utilized a combination of H2SO4, KMnO4, and
H2O2.118 First, hBN was stirred for 12 hours in H2SO4 with KMnO4. The authors
propose that during this time, H+ ions intercalate between hBN layers, increasing
their spacing, while KMnO4 decomposes into MnO2 nanoparticles which can also
intercalate into the, now increased, interlayer spaces.118 After 12 hours, H2O2 is added
to the mixture which can remove the nanoparticles and, in the process, produce O2
gas, which accelerates the expansion and completes the exfoliation (Figure 12). This
method is effective at exfoliating hBN, producing hBN sheets ~ 2 BN layers thick and
~4 µm wide.118 In 2018, Wang and coworkers also reported a method using H2SO4 for
hBN exfoliation.178 They stirred hBN in concentrated H2SO4 for 9 hours to allow it to
intercalate between hBN sheets and then quickly poured the mixture into water,
which rapidly generates heat and can complete exfoliation of the hBN. Using this
method, they produced dispersions of 3-6 layer hBN sheets with concentrations up to
0.195 mg/mL that were stable for over 2 weeks.178
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Figure 12. Scheme demonstrating the 3-step hBN exfoliation by H2SO4, KMnO4, and
H2O2. Reprinted with permission from Ref [118] (M. Du et al. CrystEngComm, 2013,
15, 1782.) Copyright © 2013 The Royal Society of Chemistry.

H3PO4 has also been reported as an intercalating agent for hBN.179 In 2013,
Kovtyukhova and coworkers reported the preparation of stage 1 intercalation
compounds by the thermal drying of hBN in Bronsted acids, such as H3PO4.180 In 2017,
these compounds were utilized to prepare hBN dispersions in different solvents by
stirring and heating them to 120˚C for 3 hours or 45 hours, depending on the
solvent.179 hBN could be dispersed using this method in IPA, n-pentanol, 3-octanol, noctanoic acid, and DMF. However, to obtain large monolayers of hBN, less polar
solvents with longer alkyl chains, like octanoic acid, were ideal, while more polar
solvents, like DMF, didn’t produce monolayer larger than 1 µm.179 The authors
propose that formation of hydrogen bonds is necessary for stabilization of large
sheets and that aprotic, polar solvents can morphologically damage the
monolayers.179
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Salts
The most common salts used for exfoliating hBN are NaOH and KOH, but, as
with H2SO4, there are various methods to achieve this intercalation. In 2013, Li and
coworkers reported exfoliating hBN by grinding it in molten NaOH/KOH and then
heating to 180˚C for 2 hours.119 The exfoliated hBN (~ 4 nm thick) could then be
redispersed in water or ethanol, and remained relatively stable for 1 month.119 A very
similar method was reported in 2019, but the mixture was added to water instead of
using molten salts, and produced a very comparable result.181 Zhao and coworkers
also utilized NaOH, but they prepared a concentrated solution in water which was
stirred with hBN so that Na+ and OH- ions could intercalate between the sheets.182
After evaporating the water and washing excess salt, the exfoliated hBN (~ 2-3 nm
thick) could be dispersed in water and alcohols.182 Finally, in 2019, another method
was reported that involved dispersion in water with a Li2SiF6/NaOH mixture.183 After
stirring for 60 hours, hBN with lateral sizes > 1 µm and thicknesses < 5 layers were
dispersed in water at concentrations up to 12.78 mg/mL. The authors proposed that
the adsorption of SiF62- to the hBN leads to interlayer expansions through
electrostatic repulsion which can facilitate the intercalation of Li+ and Na+ cations into
the interlayer space.183 To further test this mechanism, they tried replacing the
different ions and found they were all necessary for exfoliation and dispersion to take
place.183
In addition to the hydroxides, other salts composed of small cations are ideal
for use as intercalating agents. In 2018, Ortiz and coworkers used ZnCl2 and KCl as
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intercalating salts in gelatin.184 After sonicating at 50˚C for 3 hours and burning off
the gelatin, they obtained dispersion yields up to 16.3% of 1-3 nm thick hBN sheets.
Comparing the two salts, they found that KCl produced thinner sheets and larger
yields, likely due to the larger size of the K+ ion which can weaken the inter-sheet
interactions more effectively.184 Wang and coworkers investigated LiCl as an
intercalating agent for hydrothermal exfoliation.185 They dispersed hBN and LiCl in a
variety of solvents and heated it in an autoclave for 12 hours, to yield dispersed,
exfoliated hBN sheets. Of the 5 solvents tested, 1-octanol, IPA, DMF, NMP, and water,
they found that IPA produced the highest concentration dispersion (4.13 mg/mL).185
Finally, in 2019, a variety of salts, including sodium citrate, sodium tartrate,
ammonium oxalate, and ethylenediaminetetraacetic acid disodium salt, were used as
intercalating agents in NMP dispersions.186 After hBN was sonicated in each of the salt
solutions, it was found that ethylenediaminetetraacetic acid disodium salt produced
the best dispersions, reaching concentrations of 1.8 mg/mL of 1-4 layer hBN sheets
(36x better than NMP alone).186
Other Intercalating Agents
There have been 2 intercalating agents reported that did not fit into the above
categories, Carbon Quantum Dots (CQDs)187 and supercritical CO2.188 In 2016, Zhang
and coworkers used CQDs, prepared from urea and citric acid, as intercalating agents
for hBN dispersed in water.187 After sonicating and heating the mixture to 60˚C for 60
hours, a concentration of 0.19 mg/mL of hBN sheets (~6 nm thick) was produced and
was used as an aqueous lubricant.187 In 2017, Tian and coworkers utilized
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supercritical CO2 to exfoliate hBN.188 After mixing hBN with supercritical CO2 under
high speed stirring, the researchers rapidly depressurized the system by opening a
valve, causing the gas to expand and break apart the interlayer interactions (Figure
13). This process was repeated 8 times and the exfoliated material was dispersed in
IPA.188 Though they could get more material into solution after exfoliation, the
addition of a stabilizing agent was needed to prepare stable dispersions over time.
Regardless, they were able to use the exfoliated hBN sheets to make epoxy resin
composites with improved thermal conductivity.188

Figure 13. Schematic representation of hBN exfoliation by supercritical CO2
depressurization. Reprinted from Ref [188] (X. Tian et al. Scientific Reports, 2017, 7,
17794.) Copyright © 2017 Springer Nature.

1.3.7. Thermal Expansion
Some groups utilize increased temperatures or rapid temperature changes to
break hBN interlayer interactions and obtain exfoliated sheets. This technique either
relies on rapid gasification of a liquid120,121,189 or sonication at increased temperatures
where stacking interactions are weakened.190,191
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Liquid exfoliation by rapid temperature change and gasification was first
demonstrated in 2016 by Rafiei-Sarmazdeh and coworkers.120 Their method involved
heating hBN to 1000-1400˚C within 30 minutes and rapidly quenching it to room
temperature by a cool aqueous solution containing 1.5 wt.% NH4HCO3. The hot hBN
quickly evaporates the water and decomposes NH4HCO3.120 The prestressed hBN is
then added to a water/ethanol solution and sonicated at low power for 8 hours to
produce exfoliated hBN sheets (< 2 nm thick) at a concentration of ~1.5-2 mg/mL.120
Zhu and coworkers also demonstrated a gas exfoliation procedure, first heating hBN
to 800˚C for 5 minutes and then quickly immersing it in liquid nitrogen until the
nitrogen gasified completely.121 This process was repeated 10 times and then the
prestressed hBN could be dispersed in alcohol with 30 minutes of sonication. Density
functional theory (DFT) calculations found that thermal expansion of the hBN layers
allows nitrogen to intercalate which is followed by gas exfoliation.121 Finally, in 2018,
Sun and coworkers utilized gasification of water to exfoliate hBN.189 They first heated
hBN to 800˚C for 10 minutes and then quickly put it into ice water (0˚C), which rapidly
gasifies the water. After repeating this process 7 times and freeze drying the resulting
supernatant, the exfoliated hBN sheets (1-3 nm thick, 1-2 µm lateral) can be dispersed
in water up to concentrations of 3 mg/mL.189
In 2017, Yuan and coworkers demonstrated the usefulness of thermal
expansion-assisted ultrasonic exfoliation.190 They started with hydroxylated hBN
sheets, heated them to 200˚C under H2 gas for 90 seconds, and then probe sonicated
in IPA for 1 hour. With this method, they obtained a yield of ~26% of exfoliated hBN
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sheets (~1-5 layers, ~1-3 µm lateral).190 The exfoliated hBN was used as a filler in
thermoplastic polyurethane elastomer composites (TPU) for improved thermal
conductivity.190 Finally, in 2019, Tian and coworkers sonicated hBN in 60% tbutanol/water solution at 82˚C and high pressure for 2 hours (Figure 14).191 At the
increased temperature and pressure, solvent molecules could permeate hBN layers
and evaporate to exfoliate hBN sheets. This procedure produced hBN sheets
composed of ~4-6 BN layers and 1-2 µm in size (Figure 14).191

Figure 14. (a) Schematic of sonication-assisted hydrothermal method for hBN
exfoliation. (b) Representative AFM image and (c) corresponding height profile of the
exfoliated hBN. Reprinted from Ref [191] (Z. Tian et al. J. Adv. Ceram. 2019, 8, 72-78.)
Copyright © 2019 Springer Nature.

In summary, there are a wide variety of methods employed for the dispersion
of hBN into solution. Depending on the desired solvent and application of the
dispersion, each method can provide its own unique benefits. In the next section we’ll
discuss the dispersion methods for BNNTs. While there is some overlap, the different
shapes and properties of the two materials warrants the need for different
approaches to their functionalization and dispersion.
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1.4. Dispersion of Boron Nitride Nanotubes (BNNTs)
Dispersing BNNTs in solution requires breaking up the nanotube network and,
most commonly, using some sort of agent to improve their wettability in the desired
solvent. This process could be considered analogous to the separation and exfoliation
of layers of hBN. Nonetheless, initial methods for BNNT dispersion differed from
those of hBN and, as studies into BNNT dispersion took off earlier, likely influenced
many of the studies mentioned above for hBN exfoliation. The earliest attempts
utilized

noncovalent

functionalization

with

polymers69,70,192

or

covalent

functionalization of BNNT edges and defect sites.193 Soon thereafter, groups turned to
biomolecules194 and other dispersing agents, such as Lewis bases195 and aromatic
molecules.196 More recently, a few studies have been done that focus on tailoring the
solvent itself to obtain BNNT dispersions without the use of a wettability agent.197,198
This section will cover each type of BNNT dispersion and the advances that have been
made toward increased dispersion concentration and stability.
1.4.1.

Covalent Functionalization

Attempts at covalently functionalizing BNNTs can be generally broken down
into 4 types of reactions: (1) functionalization of amine groups in defect sites and
edges, (2) oxidation of boron sites, (3) radical addition, and (4) reduction. Here, we’ll
describe functionalization methodologies based on the chemistry used.
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Functionalization of Amine Groups in Defect Sites and Edges
Initial attempts at covalent functionalization of BNNTs focused on
functionalizing defect sites and tube edges where free amino groups can be found. Zhi
and coworkers found that these amine groups could be functionalized with an acid
chloride with a simple reflux reaction.193 In particular, they reacted the BNNTs with
stearoyl chloride, attaching long, aliphatic chains, and making the BNNTs dispersible
in many organic solvents, such as chloroform, N,N-dimethylacetamide (DMA), THF,
DMF, acetone, toluene, and ethanol. In fact, they could reach concentrations of > 0.5
g/L of functionalized BNNTs (f-BNNTs) in DMA.193 This group later utilized the same
reaction conditions to attach other acid chloride moieties, including naphthoyl
chloride, butyryl chloride, and chloroacetyl chloride.64,199 First, they studied how
grafting different functionalities, napthoyl, butyryl, and stearoyl, to the BNNT surface
could be used to tune its electronics.199 Though the dispersibility of the functionalized
BNNTs was not analyzed in this case, addition of these moieties would like impact
BNNT dispersion ability. Additionally, they attached Cl groups, using chloroacetyl
chloride, that could then in turn be utilized to graft polymers, PS or PMMA, through
an atom transfer radical polymerization (ATRP).64 Though this investigation was
focused on the production of polymer composites, the authors did find that PS
functionalized BNNTs were more easily dispersible in organic solvents, such as DMA
and chloroform.64
More recently, in 2016, Kalay and coworkers utilized the same reaction
between amine groups in defect sites and edges and an acid chloride group to attach
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an oligo peroxide to the BNNT surface.200 This peroxide reacted with Nisopropylacrylamide

(NIPAM)

to

polymerize

it,

producing

poly(N-

isopropylacrylamide) (PNIPAM)-grafted BNNTs. After adding the polymer, the fBNNTs were dispersible in water and some organic solvents, including dioxane and
dichloroethane. Moreover, since PNIPAM is a thermo-responsive polymer, the
authors propose using the f-BNNTs in biomedical applications, such as for smart
surfaces or nanocarriers.200
Other reactions that have been performed on the amine sites available on raw
BNNTs include SN2 alkylation201 and an isocyanate reaction.65 For the first, Zhi and
coworkers dispersed BNNTs into ionic liquids by grinding and then performed the
SN2 reaction with 1-bromoicosane.201 Though dispersibility studies were not
performed, it is likely this long alkyl chain would increase dispersion in organic
solvents. In 2012, Zhou and coworkers reacted the free amine groups with
isophorone diisocyanate, adding isocyanate groups to the BNNT surface.65 These
NCO-functionalized BNNTs could be individualized in chloroform or further reacted
with 2-chloroethanol, 1-pyrenyl methanol, and p-chloroaniline, among others.
Finally, f-BNNTs could be dispersed more easily in PVA and hydroxypropyl
methylcellulose (HPMC) to make composite films.65
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Figure 15. (a) Typical SEM image of pristine BNNTs on Si substrate as a specimen for
plasma treatment. (b) Schematic illustration of the microwave plasma system used in
this study. HR-TEM images and Fourier transform images of the wall of a (c) pristine
BNNT and (d) ammonia plasma-treated BNNT. Scale bar 4 nm. Reprinted with
permission from Ref [202] (T. Ikuno et al. Solid State Commun. 2007, 142, 643-646.)
Copyright © 2007 Elsevier.

In order to increase the accessibility to amine groups, researchers have
established methods to increase defect sites through plasma treatment202–204 and ball
milling.66 The Zettl group first used ammonia plasma treatment to increase defect
sites, and, therefore, free amines on the BNNT surface (Figure 15).202 The added
amine groups made the BNNTs highly dispersible in chloroform and their dispersions
stable up to 7 days. After plasma treatment, f-BNNTs were coupled with 3bromopropanoyl chloride,202 and, later, mercaptopropionic acid, through EDC
coupling.203 Dai and coworkers further studied the use of controlled plasma
treatments to tune functionalization and defect creation in the BNNTs.204 Through a
combination of Ar, O2, and N2 + H2 plasmas, they were able to add carbonyl and amide
functionalities to the BNNT surface.204 Finally, in 2011 Singhal and coworkers ball
milled BNNTs in NH4HCO3 to increase defect and amine sites.66 The added amines
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improved the BNNT dispersibility in an Al matrix which was used to make BNNT-Al
composites.66
Oxidation of Boron Sites
Another commonly utilized method of covalently functionalizing BNNTs is
through the oxidation of B sites using hydrogen peroxide67,68,82 or strong acids.79–81,205
The first example of this was reported by Zhi and coworkers in 2009, when they
reacted BNNTs with H2O2 under high temperatures and pressure, adding hydroxyl
moieties to the BNNT surface.67 This reaction improved the dispersibility of BNNTs in
water, producing dispersions with concentrations > 0.25 g/L that were stable for at
least 2 days. Additionally, esterification reactions were performed between the
hydroxylated BNNTs and either perfluorobutyric acid or thioglycolic acid to further
modify the BNNT properties and make them better for polymer composites.67 The
same group later silanated the hydroxyl groups with KBM 903 that then left a free
amine group that was reacted with Polyhedral Oligosilsesquioxane (POSS) to produce
epoxy nanocomposites.68 In 2015, Emanet and coworkers used a similar method to
add hydroxyl groups by refluxing the BNNTs in H2O2 for 48 hours, and then reacted
the f-BNNTs with the carbohydrates, glucose, lactose, or starch, using a
glutaraldehyde linker.82 These BNNTs could be dispersed in cellular medium and
were investigated for cellular uptake and biocompatibility.82
An alternative to using hydrogen peroxide for B oxidation, is to utilize another
well-known oxidizer, nitric acid. In 2012, Ciofani and coworkers sonicated BNNTs in
65% nitric acid to add hydroxyl groups to the surface.79 The hydroxyl groups were
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then reacted with (3-Aminopropyl)triethoxysilane (APTES), leaving free amino
groups. While these silanated BNNTs could be dispersed in aqueous media, the
stability was significantly improved by further conjugation to Oregon Green, a
fluorescent dye.79 The group utilized these dye-conjugated BNNTs to perform
biocompatibility and confocal imaging studies (Figure 16),79 and, later, linked the dye
to transferrin protein to get a more targeted cellular uptake.80 The same group, in
2015, used the same nitric acid procedure to add hydroxyl groups to the surface,
which they then reacted with folic acid, to coat the BNNTs in folate.81 These f-BNNTs
could be dispersed in aqueous media and used for cell viability studies and imaging,
with the goal to use them as a tool for cancer treatment.81 More recently, da Silva and
coworkers oxidized BNNTs with a 3:1 mixture of sulfuric and nitric acid, which were
then grafted to a polymer, to make a hybrid that could be used for drug delivery.205
The polymer grafting was accomplished through the addition of a crosslinking agent,
triethylene glycol dimethacrylate (TEGDMA), which could then polymerize a mixture
of N-isopropylacrylamide (N-iPAAm) and methacrylic acid (MAA) to produce a
hybrid BNNT-Poly[(N-iPAAm)-co-(MAA)] system.205
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Figure 16. Confocal image showing fluorescently labeled f-BNNTs (in green)
internalization in NIH/3T3. Cytoskeletal actin is stained in red, while nuclei are
stained in blue; low (a) and high (b) magnification. Reprinted with permission from
Ref [79] (G. Ciofani et al. J. Colloid and Interface Sci. 2012, 374, 308-314.) Copyright ©
2012 Elsevier.

Radical Addition
Another method recently utilized for BNNT covalent functionalization is
radical addition reactions. Ejaz and coworkers first reported this in 2014, when they
used bis(4-bromomethylbenzoyl)peroxide (BBMBPO), a peroxide that breaks down
into free radicals at 105 ˚C, to attach brominated benzyl groups to the BNNT
surface.206 They propose that the free radicals react with localized π double bonds of
the aromatic rings in edges and defect sites. The f-BNNTs were mixed with glycidyl
methacrylate or styrene and ATRP was initiated using 4-methyl-benzyl bromide, to
form a polymer-BNNT composite.206 Lin and coworkers used a similar mechanism,
but with lauroyl peroxide and dicumyl peroxide which underwent thermal
decomposition by refluxing in chloroform for 8 hours.62 They propose that the free
radicals react with B sites of BNNTs, as was seen with the H2O2 oxidations described
above. The f-BNNTs form stable dispersions in chloroform, 0.25 mg/mL and 0.33
mg/mL for Lauryl- and Cumyloxy-BNNTs, respectively, for up to 3 days.62 The fBNNTs were also used to produce PC composites (Figure 3).62
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Reducing Conditions
The final method applied to covalent functionalization of BNNTs is chemical
reduction. Shin and coworkers first reported the reduction of BNNTs using a sodium
naphthalide solution, coating the BNNTs in negative charges that could react with 1bromohexane.207 In 2018, our group reported using the Billups-Birch reaction to
functionalize BNNTs with dodecyl groups.208 This reaction uses Li in liquid ammonia
to produce solvated electrons that can react with bromododecane to functionalize
BNNTs. Dispersion of the f-BNNTs was tested in an array of solvents, such as water,
THF, and dodecane, and was found to be best in long carbon chain solvents.208
Moreover, burning the BNNTs removed the carbon chains and revealed pristine
BNNTs (Figure 17).208 Finally, in a later publication, our group demonstrated the
importance of using a glass stir bar for this reaction, as Teflon can outcompete and
even deplete dodecane in the functionalization reaction.209
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Figure 17. Characterization of BNNTs after removal of the carbon chains. (a) TGA of
f-BNNTs that were heated up to 600 °C and then heated from 100 °C up to 1000 °C
(restored BNNTs); the TGA also shows the TGA of pristine BNNTs as a comparison.
(b) Forier-transform infrared spectroscopy (FTIR) of pristine BNNTs, f-BNNTs, and
restored BNNTs. (c) AFM of restored BNNTs. Reprinted with permission from Ref
[208] (C. de los Reyes et al. ACS Appl. Nano Mater. 2018, 1, 2421-2429.) Copyright ©
2018 American Chemical Society.

1.4.2. Polymers
Another early method for dispersing BNNTs into solution was through
noncovalent functionalization with polymers. In this section we’ll go through reports
of polymers that were utilized to produce stable dispersions of BNNTs. Biopolymers
will be discussed in section 1.4.3, and polymers used solely for production of polymer
composites will not be included.
In 2005, two reports of BNNT dispersion in polymers were published.69,192 In
the first, Xie and coworkers utilized an amine terminated polyethylene glycol,
PEG1500N, to disperse BNNTs in water.192 The BNNTs and PEG were heated to 100˚C
for 3 days under a N2 atmosphere, after which unreacted PEG could be removed by
dialysis and unreacted BNNTs removed by low speed centrifugation. Control
experiments revealed that the amine group was necessary for stable dispersions to
be produced, so the authors propose an acid-base interaction between the amine
groups and B sites of the BNNTs, as was seen for hBN above.192 Soon after, Zhi and
coworkers reported the dispersion of BNNTs in organic solvents, such as chloroform,
DMA, and THF, through wrapping with the polymer poly[m-phenylenevinylene-co(2,5-dioctoxy-p-phenylenevinylene)] (PmPV).69 This polymer has a helical structure
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and can interact with BNNTs through π-π interactions. This method of BNNT
dispersion was used to prepare a composite film,69 and, in a later publication, to purify
BNNTs from other BN impurities produced during BNNT synthesis.70
Some polymers have been utilized to disperse BNNTs in aqueous media
solutions, such as phosphate-buffered saline (PBS), for testing their cytocompatibility
in cells. 87–89,210,211 Ciofani and coworkers first reported this with polyethyleneimine
(PEI).87 Dispersions of BNNTs wrapped with PEI in PBS were stable for up to 1 month,
with only a 5% decrease in concentration over that time. The dispersions were tested
for cell uptake and cytocompatibility in human neuroblastoma cells, finding the
BNNTs to be nontoxic.87 Additionally, in a future report, the PEI was conjugated to
carboxyl quantum dots to enable in vitro imaging studies.210 In 2011, Horváth and
coworkers utilized a polyoxyethylene sorbitan monooleate, Tween 80, to disperse
BNNTs in aqueous cell media.88 They produced dispersions at concentrations of 20,
2, and 0.2 µg/mL and found that those < 20 µg/mL were stable for at least 5 days. The
dispersed BNNTs were tested for cytocompatibility in a range of cell types, and were
determined to be toxic in many.88 In 2014, Nithya and coworkers compared two
different Pluronic block copolymers and PEI for dispersibility of BNNTs in water.89
After removing aggregated BNNTs and excess polymer, they found the best
dispersion was prepared with Pluronic F127, followed by PEI, and then Pluronic
P123. The dispersions were utilized for antibacterial studies against E. coli and S.
aureus, and cytotoxicity studies in human liver cells.89 Finally, Fernandez-Yague and
coworkers studied the dispersibility of polydopamine (PDA) coated BNNTs in water
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and buffer.211 Like many other polymers, PDA binds to the BNNTs through π-π
interactions. PDA-BNNT dispersions in water, ~20 µg/mL, were stable for up to 2
months and dispersions in buffer were utilized to test BNNT cytotoxicity in
osteoblasts.211
Other polymer dispersions are prepared with goal of studying the
photophysics of BNNT hybrids. For instance, Huang and coworkers dispersed BNNTs
and zinc phthalocyanines (ZnPCs) in an aqueous polyvinylpyrrolidone (PVP)
solution.212 The ZnPCs served as organic π-electron donors, and so the authors
studied the interactions between them and BNNTs through steady state absorption,
transient absorption, steady state photoluminescence, and time resolved
photoluminescence.212 More recently, Martinez-Rubi and coworkers dispersed
BNNTs in chloroform using poly(3-hexyl-thiophene) (P3HT).213 The BNNTs formed a
stable dispersion with a concentration of 0.2 mg/mL for weeks with only trace
sedimentation. Due to the photophysics of the polymer, addition of BNNT changes the
solution color from orange to purple (Figure 18). Using UV-Vis and polarized
excitation fluorescence microscopy, they were able to determine that π-π interactions
between the BNNTs and polymer induce planarization of the polymer along the tube
axis, which produces the color change.213
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Figure 18. Photos and absorption spectra of BNNT (0.2 mg/mL), rra-P3HT solution,
and rra-P3HT/BNNT suspensions in CHCl3 (rra-P3HT to BNNT weight ratio = 0.08).
Reprinted with permission from Ref [213] (Y. Martinez-Rubi et al. J. Phys. Chem. C,
2015, 119, 26605-26610.) Copyright © 2015 American Chemical Society.

Most commonly, polymer dispersions of BNNTs are used to produce
composites. Velayudham and coworkers produced BNNT dispersions in chloroform
using poly(p-phenylene-ethynylene) (PPE), a ferrocene-conjugated PPE, and
polythiophene (PT).71 The interactions between the polymers and BNNTs were
probed with UV-Vis, nuclear magnetic resonance (NMR), photoluminescence, and
lifetime measurements. The authors determined that all polymers adsorb to the
BNNTs through π-π interactions, with the PPEs aligning along the vertical axis of the
nanotube and PT wrapping around it.71 Dispersions in chloroform reached
concentrations of ~0.30 mg/mL for the PPEs and ~0.22 mg/mL for PT, and were
stable for up to 6 months, as long as chloroform couldn’t evaporate. Additionally,
composite materials of aligned BNNTs were prepared by dropping the dispersion on
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a silicon substrate and holding it vertically, absorbing solvent with a Kimwipe.71 Lee
and coworkers dispersed BNNTs in water with methoxy-poly(ethylene glycol)-1,2,distearoyl-sn-glycero-3-phosphoethanolamine-N conjugates (mPEG-DSPE), which,
after 2 hours of sonication, formed stable dispersions for months.72 The DSPE chains
are fatty acids that can wrap around BNNTs, while the hydrophilic mPEG stabilizes
the BNNTs in water. The authors also tested dispersions in mPEG and DSPE
separately, finding that DSPE could disperse some BNNTs, using the phosphate
groups for water stabilization, but mPEG alone couldn’t disperse BNNTs at it had no
way to interact with the nanotube surface.72 The dispersed BNNTs were used to form
monolayer composite films by coating on a Si substrate and evaporating water.72 In
2013, Gao and coworkers tested 5 water-soluble polymers, a conjugated poly(pphenylene) ((-)PPP),

poly(xylylene tetrahydrothiophenium chloride) (PXT),

poly(sodium styrene sulfonate) (PSS), poly(sodium vinyl sulfonate) (PVS), and
poly(sodium acrylate) (PAA).214 These five polymers were chosen to test the impact
of conjugated π-electrons on dispersion ability, with (-)PPP having extend
conjugation, PXT and PSS having a phenyl group, and PVS and PAA containing no
conjugation. As expected, the more conjugated system dispersed the most material,
with (-)PPP dispersing almost 3x more material than PXT.214 The PXT-dispersed
BNNTs were used to prepare a superhydrophobic coating (Figure 19). The dispersion
was deposited on a Si wafer and then thermally treated at 240˚C for 6 hours,
converting PXT to poly(p-phenylene vinylene) PPV.214 Most recently, in 2018, Lim and
coworkers dispersed BNNTs in various alcohols using poly(4-vinylpyridine)
(P4VP).73 The dispersion in methanol, with a concentration of 0.2. mg/mL, was stable
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for at least 7 days, and was then filtered to prepare a composite film that could be
used as a water filtration membrane.73

Figure 19. (a) Schematic image of the conversion of PXT into PPV on the BNNT
sidewalls via thermal treatment, SEM image of the film surfaces coated with (b) PXTand (c) PPV-functionalized BNNTs coated on a Si wafer. The insets in (b) and (c) show
water droplets used for contact angle measurements. Reprinted with permission
from Ref [214] (Z. Gao et al. Polym. J. 2013, 45, 567-570.) Copyright © 2013 Springer
Nature.

Finally, some polymer dispersions are prepared just to investigate and report
the optimal dispersion conditions. Zeng and Liu preformed such an optimization with
BNNT dispersions in ethanol solutions of PVP and Triton X100.215 They tested the
dispersions in polymer concentrations of 0-5 wt.% and tracked their stability over 50
hours by UV-Vis, finding the optimal polymer concentrations to be 2 wt.% PVP and 3
wt.% Triton X100.215 In 2019, Jeon and coworkers optimized BNNT dispersion in two
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Pluronic block copolymers, Pluronic P85 and Pluronic F127, in water.216 After
optimizing sonication time and centrifugation rate and time, they produced ~5 wt.%
BNNT dispersions that were stable for at least 1 month.216 Also in 2019, our group
studied 4 polymers from the Pluronic series, Pluronic F108, Pluronic F87, Pluronic
L81, and Pluronic 17R4, for their ability to disperse BNNTs.217 Amongst the 4
polymers tested, we found that the highest molecular weight and most hydrophilic
polymer, Pluronic F108, dispersed the most material and was capable of dispersing
individualized nanotubes. These results were compared to dispersions with ionic
surfactants, and the results will be discussed in more detail in section 1.4.6.217
1.4.3. Biomolecules
Another popular method for dispersing BNNTs is through the use of
biomolecules. These can be broken down into 5 general sections based on the type of
biomolecule used: (1) DNA, (2) proteins or peptides, (3) polysaccharides, (4)
mononucleotides, (5) combination.
DNA
One of the first biomolecules used for BNNT dispersion was Salmon DNA, as
reported by Zhi and coworkers in 2007.194 After sonication for 3 hours, the DNA
wraps around BNNTs and can produce up to a 0.2 wt.% BNNT solution in water that
remains stable for at least a few hours. UV-Vis and cathodoluminescence
measurements revealed that the DNA interacts with BNNTs through π-stacking
interactions. The BNNTs can be recovered by heating and washing with boiling water
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and the BNNT-DNA dispersion can be filtered to produce a BNNT mat with some
nematic ordering.194 More recently, in 2019, Kode and coworkers dispersed BNNTs
in a variety of short ssDNA sequences.77 They found that (GT)20 formed the best
dispersion which was stable for more than 12 months when stored at 4˚C. Membrane
filtration was used to purify the dispersion from non-BNNT species and solvent
evaporation was used to prepare an aligned BNNT film (Figure 20).77

Figure 20. (a)SEM image of an aligned DNA-BNNT film formed by solvent
evaporation of purified dispersions of BNNTs:DNA = 1:0.75 mass ratio (≈11.5 mass
% of DNA-BNNT hybrids) without applied shear. (b)Surface morphology of the film
showing the alignment of densely packed nanotube bundles. Reprinted with
permission from Ref [77 ] (V. Kode et al. ACS Appl. Nano Mater. 2019, 2, 2099-2105.)
Copyright © 2019 American Chemical Society.

Proteins and Peptides
Another type of biomolecule that can individualize and disperse BNNTs is
proteins or peptides. In 2008, Ciofani and coworkers prepared BNNT dispersions
using the positively charged protein, poly-L-lysine (PLL).83 This protein could be
conjugated with fluorescent quantum dots for imaging and functionalized with folate
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for cell targeting. 50 µg/mL BNNT dispersions in PBS were used for uptake and
cytocompatibility studies in human glioblastoma multiforme cells,83 normal human
fibroblasts,83 and C2C12 cells.218 Later, Gao and coworkers used the B3 peptide
(HWSAWWIRSNQS) for BNNT aqueous dispersion.219 This peptide has an a-helical
conformation that enables it to wrap around the BNNT and interact through π-π
interactions. When the sequence is modified to reduce the a-helix conformation, the
peptide can no longer disperse the nanotubes.219
Polysaccharides
The third type of biomolecule commonly used for BNNT dispersion is
polysaccharides. Perhaps due to the many variations of polysaccharides and their
similarities to synthetic polymers, they are the most predominant biomolecular
dispersion agent reported. In 2009, Chen and coworkers used glycodendrimers, with
a pyrene group at the dendrimer focal point, to disperse BNNTs in water.84 Though a
maximum dispersion concentration was not reported, the dispersions were stable in
water for weeks at a time. Since the pyrene focal point was used to interact with the
BNNT through π-π interactions, the glycans could be tuned for conjugation of
fluorescent dyes or to bind to cell surfaces.84 In 2010, Ciofani and coworkers first
reported the use of glycol-chitosan to disperse BNNTs in PBS.85 These dispersions
were stable for many weeks and were used to test the viability of MTT assays for
BNNT toxicity measurements.85 The same group later tested these dispersions for
compatibility in human vein endothelial cells220 and their effects on stem cell biology
and tissue regeneration in planarians.221 Later, Gao and coworkers investigated
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BNNT dispersions in Gum Arabic, Dextran, Dextran Sulfate, Amylose, and
Amylopectin.86 They found Gum Arabic produced the best dispersions, reaching a
maximum concentration of 22 µg/mL. Additionally, they were able to immobilize
protein onto the wrapped BNNTs.86 Later, the same group used Gum Arabic dispersed
BNNTs to test cytocompatibility in human endothelial and neuron-like cells.222 In
2013, Lau and coworkers tested another array of polysaccharides: hyaluronic acid,
chitosan,

chitosan

phosphorylcholine,

and

rhodamine-labeled

chitosan

phosphorylcholine.223 The BNNTs were first dispersed in glycine, which served as a
linker between the polysaccharides and BNNTs, and then the polysaccharide solution
was added. After washing away free polysaccharide, hexane was added to the BNNT
dispersion in water to produce an oil/water interface where the BNNTpolysaccharide hybrids formed a film. This process made the polysaccharide covering
of the BNNTs more uniform and the dried film could be readily redispersed in
water.223 All of the produced dispersions, except with hyaluronic acid, were stable for
extended periods of time as long as glycine was used.223 In 2016, Rocca and coworkers
coated BNNTs with pectin derived from apples and dispersed them in water.224 These
dispersions remained stable after several months, as confirmed by zeta potential
measurements, and were tested for cytocompatibility in macrophages.224 Finally, in
2018, Wang and coworkers studied alginic acid for the dispersal of 7 carbon and
boron nitride nanomaterials, including BNNTs and hBN, in water and cell media.117
They found, through zeta potential, absorbance, and dynamic light scattering (DLS)
measurements, that the BNNT dispersions remained stable for at least 7 days and that
stability improved with increased BNNT outer diameter.117
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Mononucleotides
Mononucleotides are the fourth type of biomolecule that have been utilized
for BNNT dispersion. These interact with BNNTs through π-π interactions to stabilize
them in aqueous solution.225,226 In 2011, Gao and coworkers first reported the use of
flavin mononucleotide (FMN) for BNNT disentanglement and dispersion.225 They
could disperse individualized or small bundles of BNNTs with lengths up to 8 µm
using this method. Additionally, they found that the pH and temperature dependence
of FMN fluorescence when its free in solution disappears when it is adsorbed to the
BNNT.225 Later, the same group tested an assortment of nucleotides for BNNT
dispersion: adenosine 5’-mono-, di-, and triphosphate (AMP, ADP, and ATP),
guanosine (Gua), guanosine 5’-mono-, di-, and triphosphate (GMP, GDP, and GTP),
uridine 5’-monophosphate (UMP), and cytidine 5’-monophosphate (CMP).226 After
characterizing the relative dispersion concentration by UV-Vis absorbance, they
found that all monophosphates performed better than the di- and triphosphates and
that GMP produced the best dispersion overall. Additionally, they attached CdS
quantum dots to the nucleotide for fluorescence imaging (Figure 21).226
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Figure 21. (a)High-resolution AFM image of a GMP-modified BNNT. The inset shows
the corresponding TEM image. (b)AFM image of GMP-capped CdS QDs. (c)Highresolution AFM image of CdS/GMP@BNNT hybrids. The inset shows the
corresponding TEM image. (d)Representative high-magnification TEM image of the
hybrids. The inset shows the enlarged square portion. Reprinted with permission
from Ref [226] (Z. Gao et al. Soft Matter, 2011, 7, 8753-8756.) Copyright © 2011 The
Royal Society of Chemistry.

Combination
Finally, in 2013, Ferreira and coworkers compared the polysaccharide,
chitosan, the monosaccharide, glucosamine, and the polymer, PEG10,000 to see which
produced the best dispersion in water.227 Dispersions were prepared by refluxing the
BNNTs and dispersion agent in ethanol for 6 hours, centrifuging the hybrids out of
solution, and redispersing them in water with brief sonication. Tracking the amount
of material grafted by TGA and the stability of the dispersion with zeta potential, they
found that glucosamine produced the best dispersions and were stable for at least 8
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days, while the others were not.227 The dispersed BNNTs were used for
biocompatibility and cytotoxicity studies.227
1.4.4. Acids and Bases
Though less common than polymers and biomolecules, acids and bases have
also been well established as effective BNNT dispersing agents. In particular, Lewis
bases, which can interact with B sites, and strong protic acids, which can protonate
the N sites, have been utilized for this purpose.
Lewis Bases
Since the B sites in BNNTs are inherently electron deficient, they can be
exploited as Lewis acids for noncovalent functionalization with dispersing agents. In
2007, Pal and coworkers first used this method, interacting BNNTs with
trioctylamine, trioctylphosphine, and tributylamine.195 After warming a mixture of
base and BNNTs to 70˚C for 12 hours, the BNNTs could produce stable dispersions in
toluene or other nonpolar solvents at room temperature.195 Earlier this year, Chang
and coworkers reported the dispersion of BNNTs using pyridine as their Lewis base.61
After tip sonicating BNNTs in pyridine and then centrifuging them out of solution, the
BNNTs can be redispersed in water, THF, DMF, methanol, and acetone. These
dispersions, monitored by Turbiscan, were stable and uniform after 24 hours in all
solvents and after 1 week in ethanol.61 The pyridine-BNNT hybrids were used to
prepare composites with PDMS, epoxy, and PVA fibers, and were utilized as an agent

62
for nanofluids, in order to improve their thermal conductivity and/or tensile
strength.61
Protic Acids
The Pasquali group has developed the use of the superacid, CSA, for BNNT
dispersion.198,228 In 2017, they found that stirring BNNTs in CSA could individualize
and disperse them, likely through protonation of N sites.198 Cryo-TEM images
showed the BNNTs were individualized and filled with acid.198 In 2018, they
demonstrated the use of CSA for purification of BNNTs from hBN and B particles.228
Additionally, using the purified dispersions, they could prepare BNNT films, mats
and aerogels (Figure 22).228

Figure 22. Macroscopic articles of BNNTs produced by CSA processing: (a) thin film,
(b) 1 cm x 1 cm x 1 cm aerogel, (c) as synthesized BNNTs suspended in CSA and
filtered to produce a 2.5 cm diameter mat, and (d) freestanding 1−1.5 μm film with
(e) corresponding secondary electron HR-SEM image. Reprinted with permission
from Ref [228] (M. Adnan et al. Nano Lett. 2018, 18, 1615-1619.) Copyright © 2018
American Chemical Society.
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1.4.5. Aromatic Molecules
Another type of dispersing agent often utilized is aromatic molecules, which
can interact with BNNTs through π-π stacking interactions and contain a polar
moiety, such as a carboxylic acid, to stabilize them in water. In 2008, Wang and
coworkers first demonstrated this with perylene-3,4,9,10-tetracarboxylic acid
tetrapotassium salt (PTAS).196 After stirring and sonicating BNNTs in a 1mM solution
of PTAS, the authors can obtain BNNT concentrations of ~0.3 mg/mL in water. Since
the carboxylic acid moieties make the hybrids dispersible in aqueous solution, the
system is pH-responsive and can exhibit binding to aqueous metal ions.196
Additionally, after vacuum-annealing the dispersion, they generated graphitic C
species on the BNNT surface, making the material a p-type semiconductor.196 Later,
Kim and coworkers tested a variety of aromatic molecules, to see what properties
were most important for BNNT dispersion.229 They tested 5 aromatic molecules, 9naphthalenecarboxylic

acid

(NCA),

9-anthracenecarboxylic

acid

(ACA),

1-

pyrenecarboxylic acid (PCA), 1-aminopyrene (AP), and 1-hydroxypyrene (HP), to
investigate the impact of having more aromatic rings and different dispersing groups
on the molecule’s ability to disperse BNNTs. They found that PCA dispersed the
greatest concentration of material, ~17 µg/mL, followed by ACA and AP, which had
pretty similar dispersions, then HP, and, finally, NCA, which dispersed almost none.229
Moreover, AFM and TEM images demonstrated that NCA and ACA produced
dispersions of individualized tubes, while NCA and AP gave small bundles. These
results indicate that dispersion is improved by increasing the number of aromatic
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rings and using a more polar group for water stabilization, i.e. a carboxylic acid
performs better than amine or hydroxyl groups.229 Finally, Emanet and coworkers
used Doxorubicin (Dox), a common cancer drug, to disperse BNNTs in PBS.90 In this
case, Dox contains a mixture of amino, carbonyl, ether, and hydroxyl groups that can
stabilize the BNNTs in solution. The group studied how pH impacted Dox loading and
release profiles, hoping to make a system that would release the drug once it was
inside the cell. They found that at lower pH, as would be found in lysosomes of cells,
Dox release increases.90 Finally, they loaded folate on the Dox-BNNTs, for specific cell
targeting and tested cellular uptake and toxicity.90
1.4.6. Ionic Surfactants
Surfactants are another type of dispersing agent for BNNTs. These molecules
contain a polar head group and a nonpolar tail and, when at high enough
concentrations, will form micelles in solution. Yu and coworkers first reported the
use of the surfactant ammonium oleate for BNNT dispersion in 2009.230 They found
that they could produce dispersions of individualized BNNTs that were relatively
stable for several months and still contained individual BNNTs after 60 days.230
Ammonium oleate was later used by Nithya and coworkers in 2014 and compared to
many polymers (see section 1.4.2).89 In 2012, Zheng and coworkers utilized sodium
dodecylbenzenesulfonate (SDBS) to individualize and disperse BNNTs for radial
elasticity measurements.231 Finally, our group performed a systematic study of 4
different ionic surfactants, SDS, cetyltrimethylammonium bromide (CTAB),
dodecyltrimethylammonium

bromide

(DTAB),

and

cetyltrimethylammonium
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chloride (CTAC), and 4 polymers, Pluronic F108, Pluronic F87, Pluronic L81, and
Pluronic 17R4, for BNNT dispersion.217 It was found that the high molecular weight,
nonionic polymer, Pluronic F108, dispersed the most material, but that ionic
surfactants were more selective for BNNTs over impurities. Additionally, we found
that cationic surfactants and nonionic polymers produced individualized BNNTs in
the dispersion, while anionic surfactants dispersed small bundles (Figure 23).217
Finally, we found by UV-Vis and DLS measurements that all dispersions are stable for
at least a month.217

Figure 23. Representative AFM (a-c) and cryo-TEM (d-f) images of BNNT dispersions
in SDS (a, d), CTAB (b, e), and Pluronic F108 (c, f). Reprinted from Ref [217] (A. D.
Smith McWilliams et al. Nanoscale Adv. 2019, 1, 1096-1103.) Published by The Royal
Society of Chemistry.
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1.4.7. Solvents
Finally, a few methods have been explored for dispersing BNNTs directly into
solvent without the use of a wettability agent. These reports either utilize Hansen or
Hildebrand Solubility Parameters to help tune the dispersion solvent or use
superacids, which can protonate the BNNT surface, as a solvent.
In 2013, Mutz and coworkers first tried to study the Hildebrand Solubility
Parameters of different BN species with static light scattering and refractometry.125
The found that these parameters are not great indicators for the dispersion of larger
particles and materials.125 In 2016, Tiano and coworkers also explored solubility
parameters, finding that Hansen solubility parameters could provide a decent
indication of a dispersion results.197 With this method, after comparing results from
16 different solvents, they determined DMA, DMF, acetone, and NMP were all good
dispersal solvents for BNNTs, with DMA producing the most uniform and stable
dispersions and reaching a concentration of 0.25 mg/mL after mild sonication.197

1.5. Outlook and Conclusions
In summary, there are a wide variety of methods employed for the dispersion
of hBN and BNNTs into solution. Due to differences in structures and properties, very
different approaches must often be taken to achieve stable dispersions of each
species. For instance, hBN must be exfoliated from a larger BN crystal before being
stabilized in solution. Therefore, small intercalating agents and certain solvents can
be very effective. On the contrary, BNNTs are not very wettable in most solvents and
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need to be individualized from the nanotube network and, often, other BN impurities.
Molecules that can wrap around the BNNT surface, such as biomolecules, polymers,
and surfactants, tend to be ideal for preferentially dispersing BNNTs over other
species.
As researchers work to propel this area of study forward, a large area of
consideration has been and continues to be material quality. This is certainly most
evident for BNNTs. Although a variety of synthesis55,57,232,233 and purification70,77,234–
236

methods have been developed, production of BNNTs in bulk results in the

formation of other BN impurities, such as hBN, cubic BN, or B particles, that can be
extremely difficult to remove due to similarities in their properties to those of
BNNTs.237,238 Moreover, the type of impurity present in the sample can impact the
dispersibility of the material. For instance, large BN cages may hold together BNNT
aggregates making it much more difficult to break apart a large nanotube network.
On the other hand, hBN impurities may wrap around smaller bundles of BNNTs,
impeding individualization of those nanotubes. Due to these differences, dispersion
techniques that work well for one type of material, such as those produced by
chemical vapor deposition (CVD) or the pressurized vapor/condenser method (PVC),
may be ineffective on another. Furthermore, as large-scale BNNT manufacturers, such
as BNNT, LCC and Tekna, work to improve the quality of their product, the types and
quantities of these impurities change, meaning material used in early studies of BNNT
dispersion may no longer be available today. Due to these, sometimes vast,
differences in material quality, reproduction of results and continued growth from
the current state-of-knowledge in BNNT dispersion will rely heavily on researchers
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developing a uniform method for reporting the type of BNNT material used in their
study. Furthermore, application of a single dispersion technique to various types of
BNNT materials could provide much more insight into how different impurities
impact dispersion quantity and quality.
Another key area of consideration for continued improvement in this field
must be a more targeted consideration of the final applications of these BN
dispersions. While those working to utilize these materials for biomedical
applications, such as drug delivery or imaging, can work with smaller yields of well
dispersed material,63,83,90,171,239,240 others who want to achieve industrial-scale
production of BN materials and composites must focus their efforts on increasing the
dispersion yield substantially. Furthermore, they must keep in mind the feasibility,
cost, and safety concerns associated with scaling up their procedure to an industrial
scale. Finally, if removal of the dispersing agent would be required in the end product,
one must consider how this can be achieved without damaging the material’s final
structure or properties.
There is no doubt that the contributions from a broad range of scientists to
develop methods for hBN and BNNT dispersion have provided a solid foundation for
understanding these materials. We have no doubt that these initial studies will foster
the continued development of these techniques until they can be applied at an
industrial scale, making the dream of exceptionally strong and thermally stable BN
materials a reality.

Chapter 2

Surfactant-Assisted Individualization
and Dispersion of Boron Nitride
Nanotubes

This chapter was published in Nanoscale Advances in 2019: Smith
McWilliams, A. D.; de los Reyes, C. A.; Liberman, L.; Ergülen, S.; Talmon, Y.; Pasquali,
M.; Martı́, A. A., Surfactant-assisted individualization and dispersion of boron nitride
nanotubes. Nanoscale Adv. 2019, 1, 1096-1103.

2.1. Introduction
Boron nitride nanotubes (BNNTs) possess many exceptional properties,
which have led to their increased study in recent years. Similarly to carbon nanotubes
(CNTs), a close structural analog, they possess high mechanical strength, with a
Young's modulus of approximately 1 TPa,22 excellent chemical and thermal stability,1
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and a thermal conductivity similar to copper.57 However, unlike CNTs, which can
demonstrate semiconducting or metallic properties depending on their chirality,
BNNTs maintain a uniform wide band gap of ~5–6 eV,60 making them electrically
insulating regardless of structure. These unique properties make BNNTs appealing
for a variety of applications, including protective shields,95 thermal and mechanical
reinforcements for composites,98 and biomedical applications.63,84,220,224
Despite these exceptional properties, research into the production of largescale BNNT materials has been relatively limited, particularly when compared to their
carbon counterparts. This is largely due to the inability to produce large amounts of
BNNTs with high purity. In bulk BNNT synthesis, the resulting BNNTs are
contaminated with elemental boron and boron nitride impurities, such as hexagonal
boron nitride (hBN). While published purification methods228,234 are effective at
removing boron and small boron nitride impurities, hBN is much more difficult to
remove due to the similarity of its properties with those of BNNTs (Figure 24).

Figure 24. BNNTs dispersed in SDS after undergoing slow centrifugation (100g). hBN
impurities and large aggregates of tubes are prevalent in the sample.
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The ability to fabricate macroscopic materials of BNNTs has also been
hindered greatly by the poor dispersibility of BNNTs in all solvents. Researchers have
attempted to overcome this barrier in a variety of ways, including covalent/noncovalent

functionalization,67,192,193,196,208,241

wrapping,69,71,72,219,223,242

co-solvent

systems,197

polymer

or

surfactants,215,230,231

peptide
strong

acids,198,228 and other aromatic and biomolecules.86,90,194,220,224,229,243 One promising
way to disperse BNNTs into aqueous solution is through the use of surfactants.
Surfactants are amphiphilic compounds that, when used at high enough
concentrations (i.e. the critical micelle concentration), form micelles in solution.
While the hydrophobic portion of the surfactant, typically a long carbon chain, will
interact with or wrap around the BNNT, the hydrophilic portion will interact with
water molecules. This allows the BNNTs to form a dispersion in water, stabilized by
either electrostatic (ionic) or steric (nonionic) forces. Compared to other dispersion
systems, surfactants have some clear advantages. They are inexpensive, can be easily
utilized in a wide range of applications, and do not cause any disruption to the sp2
hybridization of the BNNTs.
Recent studies have shown that surfactants such as ammonium-oleate230 and
sodium dodecylbenzenesulfonate (SDBS)231 can yield dispersions of BNNTs in
aqueous media; however, these studies did not report the stability of these
dispersions with the application of centrifugation nor quantified the amount of
material suspended. Without these properties being addressed, it is impossible to
compare one dispersion to another or to determine the best surfactant for a particular
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application. In order to move forward the purification of BNNTs and the fabrication
of macroscopic materials, it is necessary to better understand the surfactant
properties that enable BNNT dispersion and produce the best quality dispersions of
BNNTs in solution. In 2003, Moore and coworkers performed such a study, comparing
the dispersion ability of various surfactants and polymers, with single-walled CNTs
(SWCNTs).244 They utilized UV-visible-NIR absorbance, photoluminescence, and
cryo-TEM to study the SWCNT dispersions. Other groups have further investigated
these and similar dispersions utilizing additional techniques, such as AFM, DLS, and
zeta potential.245–249 As the polarity of interatomic bonding changes significantly with
the switch from C to BN in the nanotubes, we ask how the interactions between the
surfactant molecules and BNNTs compare with those of CNTs.
Here, we report a systematic study of BNNT dispersion into aqueous solutions
of various surfactants; we define a standard procedure for BNNT dispersion and
analysis, and report the stability, quality, and concentration of these dispersions via
mass conversion measurements, AFM, cryo-TEM imaging, UV-Vis absorption,
fluorescence spectroscopy, DLS, and zeta potential measurements. The eight
surfactants selected (Figure 25) are commonly used for the dispersion of
nanomaterials244,246,248–250 and have properties that allow for direct comparison. The
techniques utilized here could be applied to further expand the surfactant scope in
the future.
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2.2. Materials and Methods
2.2.1. Materials
Boron nitride nanotubes (type P1b) were purchased from BNNT, LLC and
purified by a method modified from one previously reported by Chen et al.234
Surfactants were purchased from BASF (Pluronic F108, F87, and 17R4), TCI America
(DTAB and CTAC), Acros (CTAB), and Sigma Aldrich (SDS, Pluronic L81). SDS =
sodium dodecyl sulfate; CTAB = cetyltrimethylammonium bromide; DTAB =
dodecyltrimethylammonium bromide; CTAC = cetyltrimethylammonium chloride;
PF108 = Pluronic F108; PF87 = Pluronic F87; PL81 = Pluronic L81; P17R4 = Pluronic
17R4; Pluronic® = poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene
oxide) (PEO–PPO–PEO) triblock copolymer (F108, F87, L81)251,252 or PPO–PEO–PPO
triblock copolymer (17R4)253.
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Figure 25. Structures of 8 surfactants used in this work.

2.2.2. Instrumentation
Thermogravimetric analysis (TGA) was performed with a Q-600 Simultaneous
TGA/DSC from TA Instruments. AFM measurements were performed with a Bruker
Multimode 8 AFM system in tapping mode using ScanAsyst Air silicon cantilevers.
Cryo-TEM specimens were imaged with a FEI Talos 200C high-resolution TEM at an
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accelerating voltage of 200 kV below -175 ˚C, using a Gatan 626 cryo-holder. The
specimens were studied in the low-dose imaging mode to reduce electron beam
radiation damage. Images were recorded digitally by a FEI Falcon III direct-imaging
camera and the TIA software, with the help of the “phase plates” (FEI) to enhance
image contrast.254,255 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 250 nm
through a 5 nm slit and recorded from 290 to 450 nm with a slit width of 5 nm. DLS
and zeta potential measurements were obtained using a Malvern Zen 3600 Zetasizer
with the dispersions injected into disposable polystyrene cuvettes and folded
capillary cells respectively. All measurements were conducted at 25 ˚C and at the
natural pH of the surfactant solution. For zeta potential measurements, the sample
was dialyzed in Cellu-Sep H1 cellulose tubular membranes (MWCO: 2000) for 6 hours
to remove excess surfactant.
2.2.3. Preparation of dispersions
Approximately 8 mg BNNTs were added to a vial with 8 mL of 1 wt. %
surfactant solution. The solution was bath ultrasonicated for 10 minutes (ColeParmer 8891, 42 kHz) and then centrifuged at 12,000g for 30 minutes (with glass
inserts in the Eppendorf tube). The supernatant was collected in a separate vial
(Figure 26), for imaging and spectroscopy, and the pellet was redispersed in water.
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The redispersed pellet was collected in a preweighed vial, dried under vacuum at 75
˚C, and the final mass recorded.

Figure 26. Images of BNNT dispersions in (from left to right) SDS, CTAB, DTAB, CTAC,
Pluronic F108, Pluronic F87, Pluronic L81, Pluronic 17R4. All dispersions, except
Pluronic 17R4, produce the Tyndall Effect, demonstrating that they contain dispersed
particles.

2.2.4. Determination of mass conversion
The dried pellet consisting of BNNTs and surfactant was analyzed by
thermogravimetric analysis (TGA). The samples were heated to 115 ˚C, kept at that
temperature for 20 min to remove any remaining water, and then heated to 1000 ˚C
at a rate of 15 ˚C min-1 under 100 ml min-1 air flow. As organic compounds burn
around 200–400 ˚C and BNNTs are thermally stable until >900 ˚C (Figure 27), the
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percentage of the total mass due to BNNTs can be easily determined. By multiplying
the minimum mass percentage (measured at 700 ˚C) by the total mass of the pellet,
we determined the final mass of BNNTs in the pellet, and, by extension, the amount
of BNNTs that were transferred into the supernatant. We then divide the calculated
mass of BNNTs dispersed in solution by the initial mass of BNNTs added to the
solution to obtain the percent mass conversion.

Figure 27. Schematic demonstrating how the experiment is performed (left) and TGA
profiles of BNNTs, CTAB, and a BNNT–CTAB pellet (right).
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2.2.5. Preparation of control sample
Approximately 8 mg BNNTs were added to a preweighed vial with 1 mL of 1
wt. % surfactant. This solution was briefly sonicated, dried under vacuum at 75 ˚C,
and its final mass recorded. The final solid was analyzed by TGA. As no centrifugation
or transfer steps were undertaken, the final mass conversion should be around 0%.
2.2.6. Preparation of AFM and cryo-TEM samples
The supernatant from the BNNT dispersions were collected for imaging. AFM
samples were prepared by depositing the BNNT dispersion on a freshly cleaved mica
surface (primed with MgCl2) using a drop-casting method, washing off excess
surfactant with water, and drying in the oven. Cryo-TEM specimens were prepared in
a controlled environment vitrification system (CEVS)256 at 25 ˚C and 100% relative
humidity to prevent water evaporation from the specimen. A drop (ca. 3 mL) of the
dispersion was applied onto a perforated carbon film supported on a copper TEM
grid, blotted with a filter paper for thin film (<300 nm) formation, and plunged into
liquid ethane at its freezing point for vitrification.256,257
2.2.7. Measurement of BNNT bundle size by AFM
AFM images were processed in Gwyddion and the height profiles of 100
randomly selected nanotubes and bundles were collected for each sample.
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2.2.8. Preparation of dispersions with different concentrations of SDS
Five SDS solutions were prepared with concentrations of 0.06, 0.12, 0.236, 0.5,
and 1.0 wt. %, respectively. Approximately 5 mg BNNTs were added to a vial with 5
mL of each SDS solution. The solution was bath ultrasonicated for 10 minutes and
then centrifuged at 12,000g for 30 minutes. The supernatant was collected, diluted
7x with water, and the UV-Vis absorbance measured. The absorbance of BNNTs at
204 nm (after subtracting the absorbance of free SDS solution at the same
concentration) and the extinction coefficient were used to calculate the mass
conversion for each sample.
2.2.9. Testing dispersion stability
Dispersions were prepared, as detailed above, in SDS, CTAC, and Pluronic
F108. The supernatant was collected and split into two portions. UV-Vis absorbance
and DLS measurements were taken on Days 0, 1, 3, 5, 7, 14, 21, and 28. For each
absorbance measurement, 0.5 mL of the concentrated sample was added to 3 mL of
DI water. The absorbance was measured from 190 to 400 nm with 0.5 nm resolution.
The absorbance of free surfactant solution, diluted by the same amount, was
subtracted, and the resulting absorbance at 204 nm was recorded and tracked over
time. For DLS measurements, approximately 1 mL of the supernatant was added to a
disposable polystyrene cuvette and the mean hydrodynamic radius was recorded.
DLS measurements were also taken of free surfactant solution, but the hydrodynamic
radius was found to be insignificant in all cases.
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2.2.10. Testing different centrifugation rates
Approximately 8 mg of BNNTs were added to 8 mL of 1 wt. % CTAB and
sonicated for 10 minutes. The solution was then centrifuged for 30 minutes at 1000g,
3000g, 6000g, or 12 000g or allowed to settle overnight (1g). The supernatant of each
sample was imaged by AFM and analyzed by DLS and zeta potential measurements,
as described above.

2.3. Results and discussion
Eight surfactants with varying properties, such as charge and molecular
weight, were tested for their ability to disperse BNNTs. In each test, BNNTs were
added to a 1 wt. % solution of surfactant in a 1 mg/mL concentration. After sonication
(10 min, 42 kHz) and centrifugation (30 min at 12,000g), the mass conversion of
BNNTs into solution (percent of BNNTs in solution from the original amount added
to the mixture) was calculated. Because absorbance of many surfactants overlaps
considerably with that of BNNTs, absorbance measurements could not be utilized to
determine BNNT concentration in solution. A new method was developed using
thermogravimetric analysis (TGA), which takes advantage of the thermal stability of
BNNTs when compared to organic surfactants. The precipitate after centrifugation
was collected, dried, and analyzed by TGA to determine the weight corresponding to
surfactant. Then, since the initial amount of BNNTs and the amount left in the
precipitate were known, the amount of BNNTs dispersed in solution could be easily
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determined. The mass of BNNTs in the supernatant was not measured directly, as the
very small mass of BNNTs remaining in solution (~0.8 mg) would have produced a
large relative error. A schematic portraying the experimental details and TGA results
for BNNTs with cetyltrimethylammonium bromide (CTAB) is presented in Figure 27.
Control TGA experiments were performed on samples that did not undergo a
centrifugation step and the water is just evaporated. Because all the material is still
in the sample, the mass conversion of control samples is expected to be around 0%.
The mass conversion measured for each surfactant is displayed in Figure 28 and
Table 2 and compared to that reported for SWCNTs244 and the control.

Figure 28. Mass conversion of BNNTs dispersed in eight sample surfactants. The
results were compared to those obtained by Moore and coworkers for SWCNTs244 and
control experiments.
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Table 2. Detailed information about surfactant properties and mass conversion
results for BNNTs, SWCNTs, and the controls.

Surfactant

Molecular
Weighta

BNNT
Mass
Conversion

SWCNT
Mass
Conversion244

Control
Mass
Conversion

Anionic
SDS

288.4

3.9 ± 0.3%

3.3 ± 0.5%

0.1 ± 0.4%

Cationic
CTAB

364.5

8 ± 2%

5.1%

-0.2 ±0.9%

DTAB

308.4

8 ± 2%

5.6%

CTAC

320.0

6 ± 2%

n/a

Nonionic
Pluronic F108

14,600 (11,680)

10 ± 2%

8.7%

Pluronic F87

7,700 (5,390)

3 ± 1%

8.8%

Pluronic L81

2,800 (280)

2.5 ± 0.4%

0%

Pluronic 17R4

2,700 (1,080)

0 ± 1%

n/a

a For

the Pluronic dispersions, the molecular weight of the PEO component is

included in parentheses
The mass conversions for BNNT material ranged from 0 – 10%. Of the
surfactants tested, it appears that, as was seen with SWCNTs, the highest molecular
weight (MW), nonionic surfactant (Pluronic F108) was the most effective for BNNT
dispersion. Pluronic F108 (MW = 14,600 g/mol) showed a similar mass conversion
for BNNTs (10%) and SWCNTs (8.7%). However, this mass conversion dropped from
10% to 3% with the switch to Pluronic F87 (MW = 7,700 g/mol). This occurred at a
higher MW for BNNTs than was witnessed for SWCNTs; a similar drop was seen for

0 ± 1%
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SWCNTs (from 8.7% to 2.5%) in Pluronic F77 (MW = 6,600 g/mol).244 This decline in
mass conversion could also be attributed to the decrease in polyethylene oxide (PEO)
composition from 80% to 70% (ref. 251) as this reduction increases the
hydrophobicity of the polymer. Further reduction in the polymer's molecular weight
and PEO composition, however, showed very little change in mass conversion: in
Pluronic L81 (MW = 2,800 g/mol, 10% PEO)251 BNNTs had a mass conversion of 2.5%.
Moore and coworkers report no conversion for SWCNTs in Pluronic polymers with
molecular weights less than 4,620 g/mol, however the exact species tested were not
reported. We further tested the importance of the order of the triblock copolymer.
While Pluronic F108, F87, and L81 are composed of a PEO–PPO–PEO structure,
Pluronic 17R4 (MW = 2,700 g/mol) has the hydrophobic component on the exterior
(PPO–PEO–PPO).253,258 Unsurprisingly, BNNTs could not be dispersed using Pluronic
17R4.
Focusing on the ionic surfactants; anionic surfactant, SDS, has a slightly,
though insignificantly, higher mass conversion for BNNTs (3.9%) than for SWCNTs
(3.3%). However, cationic surfactants, CTAB and DTAB, are much more effective at
dispersing BNNTs. Mass conversion for both CTAB and DTAB was around 8% for
BNNTs as compared to ca. 5% for SWCNTs. We believe that this increase in dispersion
ability could be due to the partial negative charge on the nitrogen atoms of the BNNTs,
leading to an increased interaction between the surfactant and the BNNTs. Unlike the
trend seen with nonionic surfactants, however, there is not a significant change in
mass conversion with the decrease in aliphatic chain length from 16 to 12 carbons. In
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addition to testing chain length for cationic surfactants, the impact of the surfactant's
counter ion was also studied. The shift from a bromide (CTAB) to chloride (CTAC)
counter ion showed a slight, though not significant, decrease in dispersion ability.
Zeta potential measurements were obtained for each sample to help assess the
quality of the dispersions (Figure 29). Each sample was dialyzed prior to
measurement in order to remove excess surfactant and decrease the contribution of
free surfactant to the zeta potential, which could shadow the values of the dispersed
BNNTs.

As

was

expected

from

previous

work

with

SWCNT-surfactant

dispersions,248,249 the zeta potential of dispersions in ionic surfactants trends well
with the mass conversion results observed, while the nonionic surfactants show no
trend (Figure 29). In the case of dispersions that rely on electrostatic interactions,
more stable dispersions should produce a larger magnitude zeta potential. We
observed that our CTAB–BNNT dispersion, which had one of the highest mass
conversions of the ionic surfactants, produced the largest magnitude zeta potential
(77 mV), while SDS, which showed the lowest mass conversion, produced the smallest
(26 mV).
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Figure 29. Zeta potentials measured for each surfactant and surfactant–BNNT
dispersion.

In addition to comparing the quantity of BNNTs in the dispersions, we studied
the individualization of BNNTs and whether hBN impurities (which are present in the
starting material – Figure 24) were effectively removed from the dispersion. We used
AFM to obtain good height resolution and a large overview of the sample, and cryoTEM for high-spatial resolution examination of the solutions in their native state.
Images were collected for BNNTs dispersed in SDS, CTAB, and Pluronic F108, as these
showed the highest mass conversion for their respective category (Figure 30). All
three surfactants yielded individualized or small bundles of BNNTs, with primarily
individualized tubes in CTAB and Pluronic F108. Additionally, in the case of SDS and
CTAB, the images appear clean and without significant hBN or other impurities. On

86

the contrary, while Pluronic F108 shows a higher density of BNNTs, the sample
appears to contain a small fraction of hBN sheets alongside the nanotubes.

Figure 30. AFM and cryo-TEM images of BNNT dispersions in SDS (a, d), CTAB (b, e),
and Pluronic F108 (c, f).

AFM images were additionally used to obtain detailed bundle size information.
100 nanotubes or bundles were randomly selected and their heights measured for
each surfactant dispersion. For all surfactants tested, the average bundle size was
below 10 nm and at least 95% of those measured had a height less than 20 nm, further
confirming that a large majority of the BNNTs were individualized or in fewnanotube aggregates (Figure 31).
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Figure 31. Histogram comparing the bundle height of 100 randomly chosen BNNT
materials in different surfactants.

The BNNT–surfactant dispersions were also characterized spectroscopically.
Unfortunately, the ultraviolet absorption and emission of BNNTs (Figure 32) overlaps
considerably with many surfactants, making their study cumbersome. Additionally,
we found that most common laboratory plasticware (such as microcentrifuge tubes
and pipette tips) contributes to fluorescence impurities in this region. We solved
these problems by studying BNNTs in SDS and using only glassware for BNNT
processing. As SDS contributes minimally to absorbance and emission in the UV
region, it can be easily subtracted as background. Also, glass does not contribute to
fluorescence impurities, so glass inserts and pipettes prevent contamination. The
supernatant from BNNT dispersions in SDS was utilized for absorption and
photoluminescence measurements. The BNNTs dispersed in SDS produce a sharp
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absorption peak at 204 nm and a broad fluorescence emission with a maximum at
352 nm (Figure 32). This emission has been previously attributed to band-to-band
optical transitions across the direct band gap.230,259

Figure 32. Absorption and emission spectra of BNNTs dispersed in SDS show a sharp
absorption peak at 204 nm and a broad fluorescence emission around 352 nm.

Taking advantage of the minimal absorption at 204 nm of SDS, we determined
the extinction coefficient of BNNTs in SDS to be 0.164 mL/µg • cm-1 at 204 nm (Figure
33). This extinction coefficient can be conveniently used as a tool for determining the
concentration of BNNTs in SDS.
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Figure 33. Absorbance at 204 nm of BNNT-SDS dispersions as a function of BNNT
concentration. The slope of the line, 0.164 mL/µg•cm-1, is the extinction coefficient
for the dispersion.

Using this newly determined extinction coefficient for BNNTs in SDS, we
studied how the change in surfactant concentration affects the dispersion. The
surfactant concentration (1 wt. %) used for this study was chosen originally due to
its observed effectiveness at dispersing CNTs.245,249,260,261 In fact, Sun et al. found this
concentration of surfactant to be optimum for dispersing CNTs in an array of
surfactants.249 Additionally, this concentration falls well above the critical micelle
concentration (CMC) for all surfactants tested. However, to ensure that the results
observed for CNTs would hold true for BNNTs, we studied the mass conversion of
BNNTs with different concentrations of SDS (Figure 34). We utilized the calculated
extinction coefficient of BNNTs in SDS to quickly determine the mass conversion in
each SDS concentration. As was observed by Sun et al. for CNTs, BNNT mass
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conversion is low at concentrations below the CMC, but quickly increases and reaches
a plateau as surfactant concentration increases, with little difference going from 0.5
to 1 wt. % SDS.

Figure 34. Mass conversion (%) of BNNTs as a function of SDS concentration. The
initial nanotube concentration is 1 mg/mL. The published CMC for SDS is 0.236 wt. %
(ref. 262) and is denoted with a blue star.

Beyond characterizing the BNNT–surfactant dispersions just after being
prepared, we wanted to ensure that they remained stable over time. We utilized
absorbance and DLS measurements to track the state of the dispersions over one
month. UV absorbance will provide information about the relative concentration of
nanotubes in solution, and, therefore, allow us to determine if material is crashing
from solution over time (Figure 35a). On the other hand, DLS measures the
hydrodynamic radius of the particles, and would inform us if the material is
aggregating in solution (Figure 35b). We investigated BNNT dispersions in SDS, CTAC,
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and Pluronic F108, as these surfactants had the least overlap in absorbance with that
of BNNTs. Over the month-long timeframe we saw no significant changes in the UV
absorbance or hydrodynamic radius, leading us to conclude that the dispersions are
stable over time.

Figure 35. BNNT dispersions in SDS, CTAC, and Pluronic F108 tracked over one
month by (a) UV absorbance and (b) DLS.

Finally, we investigated how centrifugation rate affected BNNT dispersion
quality. CTAB–BNNT dispersions prepared with five different centrifugation rates
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were studied by AFM, DLS, and zeta potential measurements. As expected, the
average bundle size, as measured by AFM, decreased with increasing centrifugation
rates as larger aggregates were forced out of solution (Figure 36a, histograms in
Figure 37). The average hydrodynamic radius, as measured by DLS, followed the
same trend, revealing a large drop in aggregate size with the increase in
centrifugation force from 1,000 to 6,000g, followed by a minor decrease at 12,000g
(Figure 36b). Both methods further demonstrate a decrease in size distribution with
increasing centrifugation rate. Finally, zeta potential measurements increase with
increasing centrifugation rate (Figure 36c). Since zeta potential is linked with
electrostatic dispersion stability, we can conclude that increasing the centrifugation
rate, and removing larger aggregates of BNNTs, produces more stable dispersions.

Figure 36. Tracking the impact of centrifugation rate on the (a) average BNNT bundle
height measured using AFM, (b) hydrodynamic radius, and (c) zeta potential of
BNNTs dispersed in CTAB. Increasing centrifugation rate produces smaller and more
uniform dispersions with increased stability.
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Figure 37. Histograms comparing the bundle height of 100 randomly chosen BNNT
materials after undergoing different centrifugation rates in CTAB.

2.4. Conclusions
BNNTs possess many exceptional properties that make them ideal for a wide
range of applications. However, difficulties in purification and low dispersibility in all
solvents makes them challenging to work with and has hindered the production of
BNNT-based macro-materials. By performing a systematic study of BNNT dispersion
in surfactants, we have gained insight into what properties make their dispersion
optimal. Particularly, we have found that high molecular weight, nonionic surfactants
are the most effective at dispersing BNNTs, producing a high concentration of mostly
individualized tubes. However, they are not as specific in their dispersion when
compared to ionic surfactants, so more hBN impurities are also found remaining in
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solution. Conversely, while ionic surfactants produced a smaller overall mass
conversion, imaging revealed that they dispersed nanotubes much more specifically,
producing dispersions with fewer impurities. Finally, though SDS showed the
smallest mass conversion, SDS is basically transparent in the UV, with little
absorption or fluorescence, which makes it ideal for spectroscopic studies. The BNNT
concentration in SDS can also be readily determined using a calculated extinction
coefficient. BNNT dispersions were found to be stable over one month by UV and DLS
tracking and various techniques were used to confirm the optimum surfactant
concentration and centrifugation rate for the dispersion of BNNTs. These results
demonstrate that BNNT dispersions in aqueous solution can be tuned to fit a specific
application through adjustments in surfactant selection. Additionally, the use of
ensemble techniques, such as UV absorbance and zeta potential measurements, can
provide simple and efficient ways to compare dispersion quality. From the
production of composites to biomedical applications, the ability to suspend individual
nanotubes and easily modify their dispersion properties will unlock many potential
applications for BNNTs.

Chapter 3

Fluorescent Surfactants from Common
Dyes – Rhodamine B and Eosin Y

This chapter was published in Pure and Applied Chemistry in 2019: Smith
McWilliams, A. D.; Ergülen, S.; Ogle, Meredith M.; de los Reyes, C. A.; Pasquali, M.;
Martı́, A. A., Fluorescent surfactants from common dyes – Rhodamine B and Eosin Y.
Pure Appl. Chem. 2019, 92, 265-274.

3.1. Introduction
Surfactants are commonly utilized molecules in a wide array of industries,
from personal care products to fuel additives.263,264 There are four classifications of
surfactants, which are based on the molecule’s charge – anionic, cationic, nonionic, or
zwitterionic.263,264

In all cases they are amphiphilic molecules, consisting of a

hydrophilic group and a hydrophobic chain, where the hydrophobic tail prefers to
avoid interaction with water molecules while the hydrophilic head seeks to increase
its interactions with them. Once enough surfactant has been added to a solution, the
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hydrophobic effect will drive the formation of micelles, in which their hydrophobic
chains are protected from water by a shell composed of the hydrophilic heads. The
concentration at which micelles begin to form is called the critical micelle
concentration (CMC). This concentration is dependent on the surfactant’s properties,
particularly the length of the aliphatic chain.262,263,265
The unique properties of surfactants make them ideal for many different
applications. Their use spans numerous industries, from food and personal care to
petroleum and environmental remediation.263,264,266,267 Perhaps the most well-known
use of surfactants is as the primary agent in detergents and soaps; however, they are
also commonly utilized in wetting agents, industrial foams, and drug-delivery, among
others.263,264 The vast applications of surfactants has spurred the continued study of
new surfactant systems. One type of surfactant that has not been fully studied and
developed is a fluorescent surfactant.
Adding fluorescence capabilities to the already unique properties of
surfactants further expands the potential applications for these systems. In many
applications, surfactants and dyes are both utilized to obtain a certain result.
However, combining these two components into a single compound would reduce the
steps and materials required and improve the efficiency of the process. For example,
fluorescent or dye-based surfactants could be used in paint production,268 fabric or
textile dyeing,269 and in fluorescence microscopy applications, such as imaging of
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materials63,270,271 or targeted cell staining.272 Current work in fluorescent surfactants
has only scratched the surface of these possibilities.273–276
We propose a novel method for the production of fluorescent surfactants that
has the distinct benefits of a simple synthetic approach and impressive adaptability.
Our surfactants are prepared through a mild esterification reaction between common
fluorescent dyes, Rhodamine B and Eosin Y, and aliphatic alcohols of varied carbon
chain lengths. Though some of these dye-ester structures have been previously
reported,277–282 in depth fluorescence characterization and application of them as
surfactants is lacking from the literature. The simplicity of this approach makes it
easily adaptable to a wide array of common dyes, allowing for a selection in desired
wavelength and charge. Additionally, the length of the alcohol utilized will manipulate
the surfactant properties to fit a particular application.

Figure 38. Structures of fluorescent surfactants
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In this manuscript eight fluorescent surfactants (Figure 38) were prepared by
adding aliphatic chains of 6, 10, 12, and 16 carbons to two fluorescent dyes
(Rhodamine B & Eosin Y). This was achieved through an esterification reaction
between the carboxylic acid present on each dye and an alcohol with the desired
aliphatic chain length. The chosen fluorescent dyes provide both anionic and cationic
surfactants with different fluorescent properties for varied applications. Surfactants
will be denoted based on the dye (R for Rhodamine and E for Eosin) and the aliphatic
chain length (6, 10, 12, or 16). For example, a Rhodamine surfactant with an aliphatic
chain length of 16 will be denoted as R16. Each surfactant was characterized by 1H
and

13C

NMR and the critical micelle concentration and fluorescent quantum yield

were measured for each. Here we report the surfactants syntheses and analyses. We
also demonstrate applications for the produced surfactants; as tools for fluorescence
imaging of cells and nanomaterials, carbon and boron nitride nanotubes. We believe
these fluorescence surfactants can be used to stain and label different structures
ranging from cells, to nanostructures, to textiles.

3.2. Experimental Section
3.2.1. Materials
Rhodamine B was purchased from Acros and Eosin Y was obtained from
Sigma-Aldrich. Alcohols were purchased from Aldrich (hexadecanol, dodecanol, &
hexanol) and Acros (decanol). All chemicals were used as received with no further
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purification. Carbon nanotubes were HiPco SWCNTs obtained from NanoIntegris (lot
HR32-009) and purified by a previously reported method.283 Boron nitride nanotubes
were Q1b type obtained from BNNT, LLC and purified by a reported methodology.234
3.2.2. General procedure for surfactant synthesis
The surfactants were synthesized by a previously reported, mild
esterification reaction based on the Garegg-Samuelsson reaction.284 CH2Cl2 (~4 mL)
was added to an oven-dried round-bottom flask equipped with a stir bar. I2 (0.15
mmol), Ph3P (0.15 mmol), imidazole (0.33 mmol), and either Rhodamine B or Eosin
Y (0.1 mmol) were added to the flask while stirring. The solution was allowed to stir
for 5 minutes before the alcohol (0.15 mmol) was added. Then, the reaction was
stirred for 24 hours in the dark. The crude product was washed with 2N HCl and
water before being dried with MgSO4 and the solvent removed under vacuum. The
product was purified by column chromatography in a 1:1:1 mixture of DCM, hexanes,
and acetone and characterized by NMR (see Appendix A for spectra).
R6: 1H NMR (500 MHz, MeOD) d 8.23 (dd, 1H, J=6.5Hz, 1Hz), 7.76 (dtd, 2H, J=9Hz,
6.5Hz, 1.5Hz), 7.37 (dd, 1H, J=6Hz, 1Hz), 7.07 (d, 2H, J=9.5Hz), 6.98 (dd, 2H, J=7Hz,
2.5Hz), 6.93 (d, 2H, 2.5Hz), 3.86 (t, 2H, J=6.5Hz), 3.62 (q, 8H, J=7.5Hz), 1.06 (m, 20H),
0.76 (t, 3H, J=7.5Hz).

13C

NMR (125 MHz, MeOD) d 167.07, 160.28, 159.47, 157.31,

134.69, 134.13, 132.60, 132.48, 132.10, 131.75, 131.65, 115.70, 114.96, 97.43, 66.91,
46.99, 32.73, 29.67, 26.82, 23.66, 14.54, 12.97.
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R10: 1H NMR (500 MHz, MeOD) d 8.23 (dd, 1H, J=6Hz, 1.5Hz), 7.76 (dtd, 2H, J=8Hz,
6Hz, 1.5Hz), 7.36 (dd, 1H, J=6Hz, 1Hz), 7.07 (d, 2H, J=10Hz), 6.98 (dd, 2H, J=7Hz,
2.5Hz), 6.92 (d, 2H, 2.5Hz), 3.86 (t, 2H, J=6.5Hz), 3.61 (q, 8H, J=7Hz), 1.15 (m, 27H),
0.82 (t, 3H, J=7.5Hz).

13C

NMR (125 MHz, MeOD) d 167.08, 160.33, 159.49, 157.32,

134.71, 134.14, 132.62, 132.50, 132.11, 131.77, 131.67, 115.71, 114.99, 97.44, 66.91,
47.03, 33.22, 30.85, 30.68, 30.58, 30.47, 29.55, 27.11, 23.89, 14.60, 13.01.
R12: 1H NMR (500 MHz, MeOD) d 8.21 (dd, 1H, J=7Hz, 1Hz), 7.74 (dtd, 2H, J= 9Hz, 6Hz,
1.5Hz), 7.34 (dd, 1H, J=6.5Hz, 1Hz), 7.05 (d, 2H, J=9.5Hz), 6.96 (dd, 2H, J=9.5Hz,
2.5Hz), 6.91 (d, 2H, 2.5Hz), 3.84 (t, 2H, J=6.5Hz), 3.59 (q, 8H, J=7Hz), 1.18 (m, 32H),
0.80 (t, 3H, J=7Hz).

13C

NMR (125 MHz, MeOD) d 167.08, 160.33, 159.49, 157.31,

134.71, 134.16, 132.63, 132.51, 132.10, 131.78, 131.68, 115.71, 114.99, 97.44, 66.92,
47.03, 33.23, 30.93, 30.91, 30.89, 30.69, 30.65, 30.48, 29.56, 27.12, 23.90, 14.61,
13.01.
R16: 1H NMR (500 MHz, MeOD) d 8.21 (dd, 1H, J=6.5Hz, 1Hz), 7.74 (dtd, 2H, J= 8.5Hz,
6Hz, 1.5Hz), 7.34 (dd, 1H, J=6Hz, 1Hz), 7.05 (d, 2H, J=9.5Hz), 6.96 (dd, 2H, J=7Hz,
2.5Hz), 6.90 (d, 2H, 2.5Hz), 3.84 (t, 2H, J=6Hz), 3.59 (q, 8H, J=7Hz), 1.21 (m, 41H), 0.80
(t, 3H, J=5Hz).

13C

NMR (125 MHz, MeOD) d 167.49, 160.37, 159.51, 157.34, 134.71,

134.14, 132.64, 132.51, 132.13, 131.77, 131.68, 115.71, 115.00, 97.44, 66.92, 47.02,
33.23, 30.93, 30.91, 30.88, 30.87, 30.86, 30.66, 30.63, 30.47, 29.56, 27.11, 23.89,
14.59, 13.00.
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E6: 1H NMR (500 MHz, DMSO-d6) d 8.21 (dd, 1H, J=6.5Hz, 1.5Hz), 7.86 (dtd, 2H,
J=18.5Hz, 6Hz, 1Hz), 7.56 (dd, 1H, J=7Hz, 0.5Hz), 7.02 (s, 2H), 3.92 (t, 2H, J=6Hz), 1.00
(m, 11H).

13C

NMR (125 MHz, DMSO-d6) d 168.54, 152.93, 131.77, 131.48, 130.67,

130.10, 129.56, 129.31, 118.50, 109.18, 99.71, 76.54, 65.36, 55.29, 30.06, 29.75,
29.58, 25.16, 21.56, 13.95.
E10: 1H NMR (500 MHz, DMSO-d6) d 8.21 (dd, 1H, J=7Hz, 1Hz), 7.88 (dtd, 2H, J=19Hz,
6Hz, 1.5Hz), 7.55 (dd, 1H, J=7Hz, 0.5Hz), 6.99 (s, 2H), 3.92 (t, 2H, J=6Hz), 1.05 (m,
19H).

13C

NMR (125 MHz, DMSO-d6) d 168.30, 152.93, 132.98, 130.60, 130.31,

130.06, 129.75, 129.01, 118.51, 109.18, 99.52, 76.54, 65.22, 55.29, 31.29, 28.98,
28.75, 28.67, 28.64, 28.60, 27.82, 25.42, 22.09, 13.97.
E12: 1H NMR (500 MHz, DMSO-d6) d 8.14 (dd, 1H, J=7Hz, 1Hz), 7.81 (dtd, 2H, J=19Hz,
6.5Hz, 1Hz), 7.49 (dd, 1H, J=6.5Hz, 1Hz), 6.93 (s, 2H), 3.92 (t, 2H, J=6Hz), 1.03 (m,
23H).

13C

NMR (125 MHz, DMSO-d6) d 168.30, 152.92, 132.86, 130.65, 130.60,

130.07, 129.08, 129.01, 118.50, 109.18, 99.52, 72.31, 65.29, 55.29, 31.29, 29.00,
28.97, 28.94, 28.73, 28.70, 28.67, 28.63, 27.81, 25.42, 22.09, 13.96.
E16: 1H NMR (500 MHz, DMSO-d6) d 8.14 (dd, 1H, J=7Hz, 1Hz), 7.81 (dtd, 2H, J=19Hz,
6.5Hz, 1.5Hz), 7.49 (dd, 1H, J=6.5Hz, 1Hz), 6.93 (s, 2H), 3.91 (t, 2H, J=6Hz), 1.09 (m,
31H).

13C

NMR (125 MHz, DMSO-d6) d 168.38, 153.11, 133.14, 130.69, 130.33,

130.07, 129.77, 129.02, 118.52, 109.19, 99.54, 76.78, 65.23, 55.69, 31.28, 29.75,
29.72, 29.70, 29.05, 29.00, 28.90, 28.70, 28.63, 25.42, 22.08, 13.94.
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3.2.3. Critical micelle concentration measurements
The critical micelle concentration of each surfactant was determined by
measuring interfacial tension as a function of surfactant concentration. The pendant
drop method285 was utilized for interfacial tension measurements. Each pendant drop
was produced with ca. 5 µL of surfactant solution and recorded using a Ramé-hart
contact angle goniometer (Model 100-01S) with a U1 series super speed digital
camera and DROPimage Standard software. The pendant drops were analyzed using
an ImageJ Plugin.286 Rhodamine surfactants were first dissolved in methanol and then
diluted to their final concentration in water. The methanol concentration was < 5%
for all measurements.
3.2.4. Spectroscopic studies
Absorbance measurements were acquired using a Shimadzu 2450 UV-Visible
spectrophotometer. Photoluminescence spectra were measured with a Horiba
Nanolog Spectrophotometer. All samples were excited at 485 nm and recorded from
500 to 720 nm. Quantum yield (f) measurements were performed using Rhodamine
B as a standard (fST = 0.31).287 All samples were prepared by dissolving the compound
in methanol and diluting with water until the desired absorbance at 485 nm was
reached. The methanol concentration was < 1% for all measurements.
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3.2.5. Cell staining
Panc-1 cells were maintained with Dulbecco Modified Eagle Medium with 10%
fetal bovine serum and 1% penicillin and streptomycin at 37 ˚C and 5% CO2. Cells
were plated onto microscope slides at 30,000 cell/mL and adhered for 6h. Cells were
rinsed with PBS and fixed with paraformaldehyde (4% in PBS) at room temperature
for 20 min. After another rinse with PBS, cells were stained with the R16 surfactant
(500 nM in PBS) and incubated at room temperature for 20 min. Cells were rinsed
and mounted with ProLong AntiFade Gold with DAPI. Images were taken on a Nikon
A1R confocal microscope using 40x and 60x oil immersion objectives (compressed zstack: 60x oil immersion objective) with DAPI and TRITC channels.
3.2.6. Nanomaterial imaging
Carbon nanotubes (CNTs) and boron nitride nanotubes (BNNTs) were added
to ca. 4mL of 100µM surfactant (E10 for BNNTs, R10 for CNTs) in water at an initial
concentration of 0.125mg/mL. The mixture was bath ultrasonicated for 10 minutes
(Cole-Parmer 8891, 42 kHz). The resulting dispersion was diluted by half with water
and then 0.5µL was applied to a glass slide and allowed to dry. After drying, 100µL of
water was added to the slide, to remove some excess surfactant, and blotted with a
Kim Wipe. Slides were imaged using a Zeiss Axiovert 200M epi-fluorescence
microscope with a TRITC filter cube (Chroma; lex527-552/565 dichroic/lem 577-632
nm), a 100x oil immersion objective (N.A.=1.3), and a Toupcam industrial digital
camera with a 1.4MP Sony CCD sensor, controlled by ToupView software.
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3.3. Results and Discussion
Eight fluorescent surfactants (Figure 38) were synthesized through an
esterification reaction between two fluorescent dyes (Rhodamine B and Eosin Y) and
alcohols with carbon chains of varying lengths (6, 10, 12, and 16 carbons). Initial
synthetic attempts, using a standard Fisher esterification, yielded too many
biproducts that were difficult to separate. We, therefore, decided to try a milder
reaction based on the Garegg-Samuelsson reaction.284 This reaction proceeds through
the formation of an alkoxyphosphonium intermediate that is then attacked by the
alcohol to generate the desired ester. The reaction scheme and resulting % yields for
the reaction are listed in Table 3. Our yields are lower than what has been typically
reported for the reaction of aliphatic carboxylic acids with small alcohols, however, it
is important to note that our carboxylic acid is in the ortho position of a benzyl group,
(Figure 38) where there can be significant steric constraints, leading to lower yields.
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Table 3. Reaction scheme and percent yields for the eight surfactants studied.

The resulting surfactants form visible bubbles when shaken, consistent with the
formation of micelles, and present intense fluorescence (Figure 39). To characterize
these behaviors, the surfactants were analyzed by determining their critical micelle
concentration (CMC) and their fluorescence properties. As Rhodamine B produces
positively charged surfactants and Eosin Y produces negatively charged surfactants,
the eight surfactants could be compared based on charge and aliphatic chain length
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.

Figure 39. Schematic demonstrating formation of micelle from surfactant molecules
and picture of surfactant (R12) solution with bubble formation and intense
fluorescence.

When surfactants are added to an aqueous solution at low concentrations,
they remain free in solution and act similarly to any electrolyte, decreasing the
surface and interfacial tension of the solution.263,264 However, above a certain
concentration (the CMC), the surfactant will aggregate to form micelles.262–265 The
CMC was determined for all eight surfactants (Figure 40) by measuring the interfacial
tension with increasing concentration, utilizing the pendant drop method.285 Briefly,
a drop of solution with a known concentration of surfactant is imaged as it hangs from
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the tip of a syringe – forming a ‘pendant’ shape. The drop shape is analyzed to
calculate interfacial tension between the solution and surrounding air. As surfactant
concentration increases, the interfacial tension will slowly decrease until reaching a
plateau. The point at which the change in interfacial tension levels off is the CMC
(Figure 40b, Figure 41). The measured CMC values for the Rhodamine B surfactants
were 2.4 mM (R6), 1.2 mM (R10), 0.75 mM (R12), and 0.65 mM (R16), and for the
Eosin Y surfactants were 3 mM (E6), 2.3 mM (E10), 1.4 mM (E12), and 1.1 mM (E16).

Figure 40. Example pendant drop image (a) and interfacial tension measurements
(b) for surfactant E12. Trends in CMC for the eight surfactants as a function of
aliphatic chain length in number of carbons (c).
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Figure 41. Interfacial tension measurements for CMC determinations.

The eight surfactants show a decrease in CMC with increasing aliphatic chain
length, as expected from published CMCs for common surfactants.262 The longer the
carbon chain gets, the more hydrophobic the surfactant becomes, promoting micelle
formation at lower concentrations. A similar trend is seen when comparing sodium
alkyl sulfate surfactants of varying alkyl chain lengths. Sodium hexadecyl sulfate has
a CMC of 0.5 mM, which increases to 8 mM, 33 mM, and 4.6 M when the alkyl group is
changed to dodecyl, decyl, and hexyl respectively.262 The change in CMC with
decreasing aliphatic chain length is not as dramatic in our surfactants, likely due to
intermolecular interactions, such as π-π stacking, between the dye molecules further
promoting molecular association at lower concentrations. This observation is
supported by the CMC values for sodium alkyl benzene sulfonate surfactants. Sodium
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hexadecyl benzene sulfonate has a CMC of 0.5 mM, which increases to 1.19 mM, 3.7
mM, and 37 mM with the switch in alkyl group to dodecyl, decyl and hexyl,
respectively.262 As the fluorescent surfactants reported here contain even more
conjugation for π-π stacking interactions to occur, it is understandable why the
change in CMC with decreasing carbon chain length is even further diminished.
Finally, the four Eosin surfactants have slightly larger CMC values, for all aliphatic
chain lengths, than the Rhodamine surfactants. This cannot be accounted for with
charge, as common ionic surfactants with the same aliphatic chain length, sodium
alkyl sulfate and alkyl ammonium chloride, show the opposite trend: the anionic,
sodium alkyl sulfate surfactants demonstrate a smaller CMC than the cationic,
ammonium alkyl chloride surfactants.262 However, focusing more closely on the dyes’
structures elucidates the reason for this difference. Eosin Y contains four Br groups
around the xanthene core. As Br groups are very bulky, these additions most likely
disrupt some of the π-π interactions between Eosin groups, slightly impeding micelle
formation.
In addition to studying micelle formation of each surfactant, we also
investigated the photoluminescence properties of the surfactants through
fluorescence studies. Figure 42 (a & c) show normalized UV-visible absorbance and
emission spectra for the Rhodamine (Figure 42a) and Eosin (Figure 42c) surfactants.
Changing the aliphatic chain length of the surfactant did not impact these spectra, so
only the R6 and E6 spectra are shown. The fluorescence quantum yield (F) of each
surfactant (Figure 42 b & d) was calculated using the equation FX =FST(GradX/GradST)
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where X and ST denote the sample and standard, respectively, and Grad refers to the
slope of the plot of integrated photoluminescence as a function of absorbance.
Rhodamine B (FST = 0.31)287 was used as the standard in all cases.

Figure 42. Absorbance and emission spectra for R6 (a) and E6 (c) surfactants. These
spectra did not change with different aliphatic chain lengths. Quantum yield
measurements for Rhodamine (b) and Eosin (d) surfactants show a decrease in
quantum yield with increasing aliphatic chain length.

Quantum yield measurements show that increasing the aliphatic chain length
leads to quenching of the fluorescence (Figure 42 b & d). While the 6-carbon chain
surfactants had quantum yields similar to those of their parent dye (FRB = 0.31, FR6 =
0.25, FEY = 0.20, FE6 = 0.18), the quantum yield decreased with increasing chain
length (FR10 = 0.22, FR12 = 0.15, FR16 = 0.02; FE10 = 0.14, FE12 = 0.04, FE16 = 0.01). This
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further supports that the dye molecules are interacting through π-π stacking
interactions, as these interactions can promote deactivation by nonradiative
pathways, and thus quench the emission. Such quenching was previously reported by
Enoki and Katoh in aggregates of Eosin Y.288 Although all measurements were
performed well below the CMC of the surfactants, associations can happen between
these molecules, which will be more favorable the more hydrophobic they become. In
addition, quenching could also occur through interaction of the dye with the aliphatic
chain that will likely wrap around the aromatic dye in order to reduce contact with
water molecules. To further investigate this result, the quantum yields of R12 and E12
were additionally tested in 1 wt. % CTAC (~31 mM) and SDS (~35 mM), respectively.
These concentrations were well above the surfactants’ CMCs (1.3 mM for CTAC and 8
mM for SDS).262 This was expected to produce mixed micelles which could prevent
aggregation of the dye and, therefore, increase its quantum yield. As expected, the
quantum yields of the two surfactants increased in this environment from FR12 = 0.15
and FE12 = 0.04 to FR12 = 0.25 and FE12 = 0.16.
We have reported the synthesis and analysis of eight novel fluorescent
surfactants. These surfactants could be utilized in a variety of applications, such as
industrial and research purposes, depending on the surfactant properties required.
Here we demonstrate that fluorescent surfactants can be used as tools for cellular and
nanomaterial imaging. Cellular membranes are similar to surfactants, in that they are
composed of amphiphilic molecules (phospholipids) that orient in a bilayer so that
the hydrophilic phosphate heads interact with the aqueous surroundings and shield

112

the hydrophobic tails in the interior. Therefore, it is logical that a surfactant molecule,
as long as it is kept below its CMC, could simply insert itself within the membrane. In
addition to the cellular membrane, most organelles, such as the mitochondria,
endoplasmic reticulum, and lysosomes, are also enveloped in a membrane bilayer.
Confocal images of Panc-1 cells incubated with R16 (500 nM in PBS) show a granular
diffuse staining of the cell (Figure 43), which is likely produced by binding organelle
membranes. These studies show that fluorescent surfactants can be utilized as a novel
full cell stain.

Figure 43. Confocal microscope images of Panc-1 cells incubated with R16 (500 nm
in PBS). (a) 40x magnified image of 4 cells shows the R16 surfactant enters the cell
but remains outside the nucleus. (b) 60x magnified compressed z-stack image of a
single cell reveals pockets in the R16 staining that could be produced by the dye’s
localization in organelle membranes.

Another application for these surfactants is in the dispersion and imaging of
nanomaterials. Surfactants are commonly used for nanomaterial dispersion217,244,250
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as these materials are typically hydrophobic in nature. In the case of carbon and
boron nitride nanotubes, utilizing surfactants has been shown to produce
individualized nanotubes well dispersed in aqueous solution.217,244 With a fluorescent
surfactant, these individualized tubes can then be imaged using standard
fluorescence microscopy. In Figure 44 we demonstrate this with CNTs (Figure 44 a)
and BNNTs (Figure 44 b) immobilized on a glass slide. The individualized nanotubes
can be easily visualized and studied with minimal sample preparation.

Figure 44. Fluorescence microscope images of individual CNT (a) and BNNTs (b)
dispersed in the fluorescent surfactants R10 and E10, respectively, and drop casted
onto a glass microscope slide.
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3.4. Conclusion
Eight novel fluorescent surfactants were synthesized by an esterification
reaction between a fluorescent dye (Rhodamine B or Eosin Y) and an alcohol
(hexanol, decanol, dodecanol, or hexadecanol). The CMC and fluorescence properties
were studied for each surfactant. The CMC increased with decreasing aliphatic chain
length, but not to the same degree as is seen with sodium alkyl sulfate surfactants,
suggesting that intermolecular interactions between the dye molecules promotes
micelle formation. The fluorescence quantum yield also decreases with increasing
aliphatic chain length, which is consistent with increased intermolecular interactions.
Finally, we show the full cellular staining and imaging using the fluorescent
surfactant, R16. As well as, the dispersion and imaging of CNTs and BNNTs using the
fluorescent surfactants R10 and E10, respectively. Surfactants are widely utilized
compounds in a vast array of applications, from detergents to industrial foams.
Adding fluorescence capabilities to surfactants extends their potential applications
and makes some processes more efficient that typically require both surfactants and
dyes to perform. Our modular approach to surfactant synthesis will allow for further
production of a full line of fluorescent surfactants with varied photoluminescence and
surface properties.
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3.5. Appendix A – NMR Spectra
3.5.1. E6 1H and 13C NMR
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3.5.2. E10 1H and 13C NMR
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3.5.3. E12 1H and 13C NMR
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3.5.4. E16 1H and 13C NMR
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3.5.5. R6 1H and 13C NMR
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3.5.6. R10 1H and 13C NMR
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3.5.7. R12 1H and 13C NMR
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3.5.8. R16 1H and 13C NMR

Chapter 4

Real-Time Visualization and Dynamics
of Boron Nitride Nanotubes
Undergoing Brownian Motion

This chapter was published in The Journal of Physical Chemistry B in 2020:
Smith McWilliams, A. D.; Tang, Z.; Ergülen, S.; de los Reyes, C. A.; Martı́, A. A.; Pasquali,
M., Real-time visualization and dynamics of Boron Nitride Nanotubes undergoing
Brownian Motion. J. Phys. Chem. B, 2020, 124, 4185-4192.

4.1. Introduction
Boron nitride nanotubes (BNNTs) 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,
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and nearly transparent to visible light.289 Additionally, BNNTs have excellent thermal
conductivity, on the order of 350 W/mK, which is similar to that of copper.290 Finally,
they have superb chemical and thermal stability, not undergoing oxidation in air until
temperatures greater than 900˚C.291 These remarkable properties make BNNTs well
suited for a variety of applications, ranging from electronics to material engineering
to biomedical applications.28,292–299 A fundamental understanding of BNNT dynamics
in solution would accelerate research in neat BNNT macroscopic materials, BNNTpolymer composites, and BNNTs in biological systems, as was the case for CNTs.300–
306

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.28,291–293 Understanding how BNNTs diffuse in solution
is paramount to producing aligned films and fibers, as it provides a timescale for
relaxation and reorientation.301–303 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.293,304 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.305–307 Moreover, the ability to visualize BNNTs in real time could aid the
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study of interactions between BNNTs and biomolecules, which is crucial for the
application of BNNTs in drug delivery or biological sensors.296–299 Despite these
important applications, real-time visualization of BNNTs 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,308–311 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 (SWCNTs)300,312–315 and germanium nanowires,316 as
well as, to perform ground breaking dynamics studies on many biomolecules.317–326
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 32).
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.207,217,296–298,327–332 To our
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knowledge, very little work has been done towards real-time BNNT visualization in
solution.296,297,327,328 Recent work in our group has shown that BNNTs can be
individualized in solution using cationic surfactants.217 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.333 Here, we image BNNTs 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 BNNTs behave as ideal rigid rods.

4.2. Experimental Section
4.2.1. Materials
Boron nitride nanotubes were obtained from BNNT, LLC (P2b Type) and
purified by a method modified from one previously reported.334 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 IPA, and air dried before use.
4.2.2. Synthesis of Rhodamine surfactant
Synthesis of the Rhodamine surfactant (R12) can be found in Section 3.2.2.
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4.2.3. 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 µM. At this concentration, the 1 wt.% CTAC solution behaves as
a Newtonian liquid. 1 mg BNNTs 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 BNNTs. 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 µL of 10 wt. % silica microspheres (2.01 µm diameter, Bangs
Laboratories) were added to the final suspension. For imaging, 0.6 µL of the tagged
BNNTs 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.
4.2.4. Imaging BNNTs
BNNTs are imaged on a Zeiss Axiovert 200M epi-fluorescence microscope with
a TRITC (Rhodamine) filter cube (Chroma; lex 527-552/ 565 dichroic/ lem 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 could be visualized in the
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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.
4.2.5. 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 0.1mM). This
mixture was tip ultrasonicated for 30s and dialyzed against DI water for 24 hours to
remove free Rhodamine surfactant.
4.2.6. 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
MgCl2) 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
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were processed in Gwyddion and the height profiles of 100 randomly selected BNNTs
were collected.

4.3. Results and Discussion
The Rhodamine surfactant utilized in our studies was prepared by a mild
esterification reaction335 between Rhodamine B and dodecanol.333 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 45a-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 45a,b). Additionally, the quantum yield of the Rhodamine surfactant is
quenched from 0.26 to 0.06 (Figure 45c). By comparison, mixing the Rhodamine
surfactant and CTAC in the same ratio, without the addition of BNNTs, will increase
its quantum yield.333 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
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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.336 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 46). 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,337 meaning the signal remains more
stable throughout the experiment, allowing for longer periods of data collection.
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Figure 45. Absorbance spectra (a), photoluminescence spectra (b), and quantum
yields (c) for Rhodamine B, Rhodamine surfactant, and Rhodamine surfactant
dispersed BNNTs.

Figure 46. Lifetime decays for Rhodamine B, Rhodamine surfactant, and Rhodamine
surfactant dispersed BNNTs. Rhodamine B and Rhodamine B surfactant produce a
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monoexponential decay (t = 1.81ns), while surfactant dispersed BNNTs produce a
biexponential decay (t1 = 0.24ns, 49%; t2 = 1.62ns, 51%).

Imaging studies were performed using this optimized surfactant system. In
order to obtain longer BNNTs, ultrasonication was minimized and the centrifugation
pellet was utilized. AFM studies of the microscope sample (Figure 47a-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 47d), and, therefore, are easily avoided.

Figure 47. AFM analysis of the microscope sample (a,b) shows that while the sample
contains some impurities, the BNNTs are primarily individualized with an average
height around 7 nm (c). Aggregates and impurities can be easily discerned in the
microscope view (d).
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The addition of silica microspheres to the solution mixture produced a 2 µm
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,338–340 albeit on
much smaller length scales. Figure 48 shows time-lapse images of a tagged 3.6 µm
BNNT undergoing Brownian motion. We found that using fluorescence microscopy
and the Rhodamine surfactant, BNNTs longer than ~ 1.5 µm 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 49).

Figure 48. Time-lapse images of a tagged 3.6 µm BNNT undergoing Brownian motion.
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Figure 49. Image of microscope sample without the addition of BNNTs shows only
diffuse fluorescence.

The BNNTs 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 50a,b shows an example of the analyses obtained for a 3.6 µm BNNT.
These data were then used to calculate the mean-squared displacement (MSD) and
mean-squared angular displacement (MSAD) of the BNNT (Figure 50c,d). These
displacements were obtained using internal averaging,341 so all position pairs within
the same time interval were included for each point. The translational diffusion
coefficient (Dt) and rotational diffusion coefficient (Dr) 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 = 4DtDt+C and MSAD = 2DrDt+C, where the constant, C,
comes from uncertainty in the measurement,315 but was found to be negligible in all
cases.
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Figure 50. Example analysis of a 3.6µm 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 (Dt) and rotational (Dr) diffusion coefficients for each BNNT
respectively. The slope of the MSD graph equals 4Dt and the slope of the MSAD graph
equals 2Dr.

The translational and rotational diffusion coefficients were extracted from
trajectories for BNNTs with different lengths, from ~ 1.5 to 4.6 µm. Figure 52a,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 µm confinement (solid line).323 In bulk fluid,
the two-dimensional translational diffusion coefficient and one-dimensional
rotational diffusion coefficient for an open cylinder can be given by342
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Figure 51. Diagram of a BNNT confined between two glass slides. H is the height
between the slide and coverslip, q 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.
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When a rod-like particle is placed under confinement, it experiences
additional drag due to interaction with the confining wall (Figure 51).323 This drag
depends on the position of the rod between the two slides. An effective drag
coefficient can be calculated by averaging over all allowed states (y and q). Using the
confinement model of Li and Tang,323 the adjusted translational and rotational
diffusion coefficients are
!/#

!! =

∫$

&'()* (#,/-)

() ∫)&'()* (#,/-) *% (),-) (-

(3)

&'()* (#,/-)

!/#

() ∫)&'()* (#,/-) (-

∫$

where
!! (?, A) = B2

0/ 1
∥ (),-)

CDE % A + 2

0/ 1
1 (),-)

(1 + EFG% A)H /2

and
6/%

J∥ (?, A) = K L
46/%

2&'
2&'
+
Q RN
CDEℎ45 [? + NEFGA/O] CDEℎ45 [P − ? − NEFGA/O]

and
J8 (?, A) = 2J∥ (?, A)
!/#

!# =

∫$

where

&'()* (#,/-)

() ∫)&'()* (#,/-) *2 (),-) (!/#

∫$

&'()* (#,/-)

() ∫)&'()* (#,/-) (-

(4)

138

!# (?, A) = 2

0/ 1

2 (),-)

and
6/%

&9: ; # <=> # -

&9: ; # <=> # -

J# (?, A) = ∫46/% B<=>?)* [)A;>BC-/#] + <=>?)* [E4)4;>BC-/#]H RN
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. While the wall-induced coupling of translation and
rotation is important for rods with short aspect ratios (< 30),343 as the aspect ratio
increases, the wall effects vanish. Therefore, the confinement model is appropriate
for high aspect ratio rods. The experimentally determined rotational and
translational diffusions agree well with the confinement model predictions at all
tested lengths (Figure 52). Additionally, the experimental results show a similar trend
to those seen for other rod-like particles, including SWCNTs, actin filaments, and
germanium nanowires.300,316,323
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Figure 52. Translational (a) and rotational (b) diffusion coefficients of BNNTs plotted
as a function of length and compared to a theoretical rigid rod under a 2 µm
confinement according to confinement theory.323 Colored squares represent the
experimental measurements, the solid black line represents the confinement theory
predicted values, and the dashed line represents predicted 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, T = &UR $ , where C is the in-plane stiffness.
Scaling bending stiffness with thermal energy gives the persistence length, (F =
T/#" . 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.300,314 They found the persistence lengths to range from 26 to 138 µm; 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/m2).314,344
When analyzing the BNNT videos, no bending modes could be observed, due
to diffraction limitations (Figure 53). However, we can calculate the theoretical
persistence length using ab initio calculations for the in-plane stiffness (C = 271
J/m2)344 and AFM measurements for the average diameter (d = 7 nm) (Figure 47).
This gives a persistence length of ~ 7 mm (around 100x higher than the SWCNT
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range). This is reasonable because thicker, multiwalled BNNTs (~ 3 concentric
layers) are expected to be stiffer than SWCNTs. Considering this approximation,
direct imaging of thermal undulations may be possible for BNNTs ~ 70 µm (Figure
53) or for BNNTs with fewer walls.

Figure 53. Variance of the amplitude of the BNNT bending modes as a function of
mode number. The theoretical values for a 7 nm diameter, 3.6 µm long BNNT (blue)
fall far below the resolution limit for our system (red). Therefore, experimental values
obtained for a 3.6 µm BNNT (black) provide no useful information. To detect thermal
undulations experimentally would require a BNNT ~70 µm (green) or one with fewer
walls.
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4.4. 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 tagging the BNNTs. 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.300,316,323 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 BNNTs and rigid rods implies that
aspect ratio and stiffness, which has been well documented for BNNTs,345,346 are the
main factors that modulate the dynamics of BNNTs 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 = 1/6Dr)302 will be pertinent to the production of aligned BNNT
macromaterials, particularly when using flow assembly. Additionally, knowing that
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BNNTs 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 BNNTs’ 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.307
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 BNNTs are nearly transparent to
visible light, such liquid crystalline solutions could be studied using standard
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;347 however, due to their strong light absorption, most studies with
CNTs have been limited to thin gaps (below 100 µm and sometimes below 10 µm,
where wall interactions dominate domain dynamics)348,349 and relatively low
concentrations (below 1%). Likewise, metallic nanorods are opaque to light at high
concentrations and large gap sizes.350 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,351,352 therefore, studying the phase behavior and dynamics of BNNTs will lead
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to improved assembly methods for BNNT macromaterials and will also increase our
understanding and control of related systems of high technical significance, like CNTs.

Chapter 5

Elucidating Surfactant Selection for
the Efficient Exfoliation and Dispersion
of Hexagonal Boron Nitride

5.1. Introduction
Hexagonal boron nitride (hBN), also known as ‘white graphene’, is a structural
analog of graphene, composed of a honeycomb-like structure of sp2 hybridized,
alternating boron and nitrogen atoms. hBN has a large Young’s modulus (~1 TPa),20–
22

that does not suffer with increasing BN layers,23 excellent thermal conductivity

(~360 W/mK),24 approaching that of copper, and impressive thermal stability, not
experiencing oxidation in air until temperatures greater than 900˚C.26 Additionally,
hBN has a wide band gap around 5.9 eV making it an electrical insulator26 and nearly
transparent to visible light.27 These unique and enticing properties make hBN a
strong contender for a wide variety of potential applications, including their use as
thermal and mechanical reinforcements for composites,12,28–33,51,52 in two-
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dimensional composites with graphene for electronics applications,26,36,39–44 and as
lubricants,139,181 among others.27,45–50,177,353–355 Intriguingly, the polarity of the B-N
bond provides hBN with some interesting surface charge distribution that contrasts
with graphene and could influence its dispersibility.
The top-down manufacturing of advanced materials made from this building
block relies on the ability to produce stable dispersions of well-exfoliated hBN sheets.
To produce these dispersions in a large scale requires the exfoliation of the 2D sheets
from the 3D bulk material. Groups have attempted to achieve this in various ways,
including through the use of solvents,98,99,114,115,124,129,356 acids and bases,118,157,179,181,183
covalent

functionalization,33,104–106,138,139,141,145,148,151,152

polymers,12,101,102,133,163,167,177,357

and

biomolecules,51,52,174

surfactants,109,110,165,170,173

among

others.119,135,185,186,358 Among these many options, surfactants are advantageous for
many industrial applications as they have low toxicity, are inexpensive, and do not
disrupt the sp2 hybridization, and therefore the thermal and mechanical properties,
of hBN. Despite these advantages, very few surfactants have been tested for the
dispersion of hBN. To the best of our knowledge, besides one report that utilized
Pluronic F68,165 which did not report the dispersion yield, only anionic surfactants
have been tested to date.109,110,170,173 Moreover, the wide variety of dispersion
techniques applied prevents direct comparison from one report to the next. While
significant progress has been made, continued efforts are necessary to produce
dispersions of well-exfoliated sheets (mono- or few-layer) at high concentrations,
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without significantly reducing the lateral dimensions from the bulk material. A
systematic study of hBN dispersion in different types of surfactants is necessary to
continue efforts toward optimizing their yield and exfoliation quality for use in
industrial applications. Such studies have been performed for carbon nanotubes
(CNTs),244 boron nitride nanotubes (BNNTs),217 and graphene,250 and have been
important references for others in the field.
Here, we report a study of hBN exfoliation and dispersion in aqueous solutions
of nine surfactants commonly used in nanomaterial dispersion (surfactant structures
in Figure 54).109,217,244,250 As we suspect long periods of ball milling or ultrasonication,
commonly used to produce these dispersions,109,110,165,170 likely contribute to cutting
of the lateral dimensions of the sheets, we stir the mixtures for 1 hour to disperse the
bulk material before applying bath sonication (42 kHz) for only 20 minutes.
Surfactant concentration, stir time, and sonication time were roughly optimized in
sodium cholate (SC, Table S1), but were kept the same for all surfactants. After
sonication, the dispersions were subjected to two different centrifugation rates; one
very low (100g) to maximize dispersion yield and provide a larger distinction
between surfactants and another higher (8,000g) to remove the majority of
aggregates larger than few-layered sheets, optimizing dispersion quality and
stability. The resulting dispersions (pictured in Figure 55 and 56) were characterized
by gravimetric, spectroscopic and microscopy experiments to assess the dispersion
yield, exfoliation quality, and stability over time. The results of these experiments
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enabled us to elucidate how surfactant selection impacts the efficient exfoliation and
dispersion of hBN.

Figure 54. Structures of the nine surfactants used in this work. SDS = sodium dodecyl
sulfate; SDBS = sodium dodecylbenzenesulfonate; SC = sodium cholate; CTAB =
cetyltrimethylammonium bromide; CTAC = cetyltrimethylammonium chloride; DTAB
= dodecyltrimethylammonium bromide; PF108 = Pluronic F108; PF88 = Pluronic
F88; PF87 = Pluronic F87; Pluronic® = poly(ethylene oxide)-poly(propylene oxide)poly(ethylene oxide) (PEO-PPO-PEO) triblock copolymer.

5.2. Experimental Section
5.2.1. Materials
Hexagonal boron nitride was purchased from Aldrich and surfactants were
purchased from Sigma Aldrich (SDS, SC, SDBS), Alfa Aesar (CTAB), BTC (CTAC), TCI
America (DTAB), and BASF (Pluronic F108, F88, and F87). All materials were used as
received with no further purification.
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5.2.2. Instrumentation
Thermogravimetric analysis (TGA) was performed with a Mettler Toledo
TGA/DSC 3+ system. AFM measurements were performed with a Nanoscope IIIa
scanning probe microscope controller from Digital Instruments. Cryo-TEM was
performed with a Thermo Fisher (FEI) Talos 200C high-resolution TEM at an
accelerating voltage of 200 kV. Specimens were maintained below -175 °C in the
microscope using a Gatan 626 cryo-holder, and imaged in the low-dose imaging mode,
to reduce electron-beam radiation-damage. Images were recorded digitally by a FEI
Falcon III direct-imaging camera and the TIA software, with the help of the “Volta
phase-plate” (FEI) to enhance image contrast. Absorbance measurements were
acquired using a Shimadzu 2450 UV-Visible spectrophotometer. Samples prepared
for absorbance measurements were centrifuged in glass inserts, as exposure to
plastic can produce an impurity that also absorbs in the UV. Zeta potential
measurements were obtained using a Malvern Zen 3600 Zetasizer with the
dispersions injected into folded capillary cells. All measurements were conducted at
25˚C and at the natural pH of the surfactant solution. SEM images of the prepared film
were performed with a FEI Helios NanoLab 660 SEM. All images were taken without
coating with a conductive layer. Charging was reduced by imaging at 1 kV, 50 pA, and
at a close working distance of ~4 mm.
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5.2.3. Preparation of dispersions
Approximately 20 mg hBN were added to a vial outfitted with a stir bar
followed by 1 wt. % surfactant solution for an initial concentration of 2 mg/mL. The
solution was stirred for 1 hour and bath ultrasonicated for 20 minutes (Cole-Parmer
8891, 42 kHz) and then centrifuged at either 100g or 8,000g for 30 minutes.
5.2.4. Determination of dispersion yield
For samples prepared by the 100 g centrifugation method, the supernatant
was filtered through a PTFE membrane (ADVANTEC, hydrophilic, 0.2µm pore size)
twice and washed with plenty of water and isopropyl alcohol (IPA) to remove the
surfactant. The filter was dried for 1 hour at 110˚C and the final mass of hBN recorded.
This was divided by the initial mass of hBN added and multiplied by 100% to get the
dispersion yield.
For samples prepared by the 8,000g centrifugation method, the supernatant
was collected in a separate vial for other measurements and the pellet was
redispersed in water. The redispersed pellet was then filtered through the PTFE
membrane filter and washed with water and IPA to remove the surfactant. The filter
was dried for 1 hour at 110˚C and the final mass of hBN recorded. This was subtracted
from the initial mass of hBN added, to get the amount of hBN that was left in the
supernatant, and then divided by the initial mass of hBN and multiplied by 100% to
get the dispersion yield.
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5.2.5. Preparation of control sample
Approximately 20 mg hBN were added to a vial with 10 mL of 1 wt. %
surfactant. This solution was briefly sonicated and then filtered through a PTFE
membrane, washed with plenty of water and IPA to remove surfactant, and its final
mass recorded. As no centrifugation or transfer steps were undertaken, the final mass
of hBN should be equal to the initial amount added. The final solid was analyzed by
TGA to ensure all of the surfactant was removed during the washing process.
5.2.6. Preparation of AFM samples
The supernatants from the hBN dispersions were collected for imaging. AFM
samples were prepared by depositing the hBN dispersion on a freshly cleaved mica
surface (primed with MgCl2). The surface was heated to ~120˚C using a hot plate and
the dispersion was applied through a spray bottle in order to deposit a fine mist that
could quickly dry. For surfactant samples, excess surfactant was removed by dipping
the mica into water (ionic surfactants) or methanol (Pluronic surfactants) and drying
with air. This process was repeated twice before further washing with IPA (ionic
surfactants) or methanol (Pluronic surfactants). All samples were left to dry in the
oven at 110˚C for 1 hour.
5.2.7. Testing dispersion stability
Dispersions were prepared, as detailed above, in water, SDS, CTAC, and
Pluronic F88, and the supernatants collected. These were chosen as their absorbance
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does not overlap too significantly with that of hBN. For the 8,000g centrifugation
method, UV-Vis absorbance measurements were taken on Days 0, 1, 3, 5, 7, 14, 21,
and 28. The absorbance was measured from 190 to 500 nm with 1 nm resolution. The
absorbance of free surfactant solution was subtracted, and the resulting absorbance
at 205 nm was recorded and tracked over time. On Day 0, all samples were diluted so
the absorption at 205 nm, after subtracting that of the surfactant, was the same
(~0.2).
For the 100 g centrifugation method, UV-Vis absorbance measurements were
only taken on Days 0 and 1, as a significant amount of material had crashed out of
solution after 24 hours. For each absorbance measurement, 0.1 mL of the
concentrated sample was added to 3 mL of DI water. The absorbance of free
surfactant solution diluted by the same amount was subtracted, and the resulting
absorbance at 205 nm was recorded for each time point.
5.2.8. Preparing a transparent hBN coating
200 mg of hBN was dispersed in 100 mL of 1 wt. % SDS according to the usual
dispersion procedure. The dispersed material was centrifuged at 1,000g for 30 min
to remove large aggregates, and then filtered through an alumina membrane and
washed with isopropanol. The produced film was dried in an oven at 110˚C overnight
and then floated on water. A transparent coating of hBN was deposited onto a glass
slide or Al stubs for SEM imaging.
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5.3. Results and Discussion
Hexagonal boron nitride (hBN) dispersions in aqueous solutions of nine
different surfactants were analyzed based on dispersion yield, exfoliation quality
(nanosheet thickness and diameter), and stability over time. As detailed in the
experimental section, for each dispersion, hBN was added to a 1 wt.% solution of
surfactant in a 2 mg/mL initial concentration. The solution was stirred for 1 hour,
bath sonicated for 20 minutes (42 kHz), and then centrifuged for 30 minutes at either
100g or 8,000g. The mass of hBN that remained dispersed after centrifugation was
determined by filtration and weighing. The stirring step was added in an attempt to
reduce the large sonication times commonly used for these dispersions and preserve
the lateral dimensions of the sheets.109,170 The very low centrifugation rate (100g)
maximized hBN dispersion yield and provided a greater distinction between the
surfactants, while the larger centrifugation rate (8,000g) optimized dispersion
quality and stability. Control experiments were performed for each surfactant, with
no centrifugation step, to ensure all material was recovered and that the surfactant
was completely removed during the washing steps, as confirmed by TGA (Figure 57).
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Figure 55. Images of h-BN dispersions in each surfactant and water after 8,000g
centrifugation. The red laser shows that all dispersions contain colloidal particles
and, therefore, produce the Tyndall effect.

Figure 56. Images of h-BN dispersions in each surfactant and water after 100g
centrifugation. The solutions appear much cloudier and many do not demonstrate the
Tyndall effect due to inner filter effect.
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Figure 57. TGA of an h-BN dispersion in SDS after filtration and washing. This is
representative of all samples tested.

Figure 58 presents the dispersion yields measured for both the 100g and
8,000g centrifugation preparations for all nine surfactants and water. The hBN
dispersion yields for the 100g centrifugation preparation ranged from ca. 2-16%. Of
the surfactants tested, Pluronic F88 (MW ~11,400 g/mol, 80% hydrophilic) produced
the greatest yield of hBN in solution (ca. 16%). This was surprising as it contradicts
what was seen with BNNTs, where PF108, the largest MW nonionic surfactant (MW
~ 14,600 g/mol, 80% hydrophilic), was the most efficient.217 We predict this trend
may be due to the need for exfoliation of the hBN. Perhaps PF108 is too large to
effectively interact with and stabilize exfoliated hBN sheets, and, therefore, is unable
to disperse as much material. After the nonionic surfactants, the three anionic
surfactants (SDS, SDBS, and SC) and DTAB (cationic) all disperse approximately the
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same amount of material (ca. 5%), while CTAB and CTAC (also cationic) disperse the
least (ca. 3%). Again, this was unexpected as it is the opposite trend as was witnessed
for BNNTs,217 however, it is similar to the results obtained for graphene.250 We, again,
propose that this disparity could be due to improved interaction with exfoliated hBN
sheets. SDS, SDBS, and DTAB all have a 12-carbon hydrophobic tail, while CTAC and
CTAB have a 16-carbon hydrophobic tail. It bears to reason that the shorter aliphatic
chain could more easily interact with hBN sheets as they were exfoliated during
sonication. Smith and coworkers saw a similar result when comparing CTAB and
TTAB (tetradecyltrimethylammonium bromide) in the dispersion of graphene.250
Moreover, the steroid structure of SC and the benzene ring in SDBS, likely promote
this interaction even further. This is likely why they have been so commonly utilized
for hBN and other 2D material dispersions.109,170,250,359,360

Figure 58. Dispersion yields of hBN in nine surfactants and water, after
centrifugation at 100g and 8,000g.
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After 8,000g centrifugation, the mass conversion results are similar for all
surfactants (ca. 2-3% for all surfactants). Perhaps optimizing the preparation of these
samples for each surfactant would reveal a larger difference. However, it should be
noted that water without the addition of surfactant had a larger dispersion yield than
most of the surfactant solutions at both centrifugation rates. This is likely due to -OH
groups that exist on the edges of hBN sheets and make them somewhat hydrophilic.
Wang and coworkers previously reported that surfactants can reduce the amount of
hBN that is dispersed into solution, however they can improve the dispersion
stability.173 We, therefore, expect the quality of hBN dispersions in water alone to be
poor in comparison to those prepared with surfactants, which will be evaluated by
imaging and stability tests shown below. Hydrolysis of hBN by sonication in water
has also been reported,104 however, we don’t expect the short sonication time used
here to be enough for this to occur to a significant extent.
Zeta potential (z) measurements were performed in an attempt to further
elucidate the dispersion yield results and verify the stabilization mechanism (Figure
59). Measurements were taken of the six ionic surfactants, as these are stabilized by
electrostatic, rather than steric interactions. For all dispersions, the magnitude of the
zeta potential is greater than the accepted value for colloidal stability (~25 mV),
meaning reaggregation of the hBN sheets should be minimal (Figure 59a).360 In
previous studies with BNNTs and graphene, the magnitude of the zeta potential of the
dispersions in ionic surfactants trended with the concentration of material that was
dispersed.217,250 In particular, for graphene, z was used to approximate the
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electrostatic potential barrier due to Derjaguin-Landau-Verwey-Overbeek (DLVO)
interactions between neighboring sheets.250,360 According to DLVO theory, for a
colloidal dispersion stabilized by electrostatic interactions, the concentration of
dispersed material should be correlated with z2.250 For graphene, Smith and
coworkers found this trend to be generally followed, however alkyl sulfate
surfactants produced a different trendline, with an apparent minimum z required for
any graphene to be dispersed.250 When we plotted the zeta potential of hBN
surfactant dispersions after 8,000g centrifugation as a function of dispersion
concentration (ChBN), we found a similar trend (Figure 59b). The surfactants can be
split into two groups, with SC and DTAB in one and the other four surfactants in the
other. There is a clear correlation between z2 and ChBN for each group. Moreover, it
appears that, as was seen with the alkyl sulfate surfactants and graphene, SDS, SDBS,
CTAB, and CTAC require some minimum electrostatic potential to be overcome
before any hBN can be dispersed. Although we do not have evidence to explain this
disparity at present, these results indicate that SC and DTAB can stabilize hBN
dispersions with a lower charge density than the other surfactants. As DLVO
calculations strictly hold only for |z|< 25 mV, precise calculation of the DLVO potential
barrier could not be performed.
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Figure 59. (a) Zeta potential measured for hBN dispersions in each of the six ionic
surfactants. b) Concentration of hBN vs. absolute zeta potential for the six ionic
surfactants with samples centrifuged at 8,000g.

Perhaps more important than the quantity of material dispersed in this
process is the quality of the dispersions, such as the extent of exfoliation and sheet
diameters. AFM imaging was utilized to probe the quality of these hBN/surfactant
dispersions (Figure 60 and 61). After 100g centrifugation, all of the dispersions look
similar, containing large crystals, with exfoliated sheets extremely difficult to find
(Figure 60). On the contrary, after 8,000g centrifugation, more exfoliated sheets could
be located, and samples could be differentiated based on the surfactant selected
(Figure 61). Histograms of 100 randomly selected hBN sheets were prepared to
visualize trends in sheet thickness and lateral width for each surfactant and water
after 8,000g centrifugation (Figure 62-64). First, when comparing the thickness of the
resulting hBN sheets, two different types of dispersions are revealed. All the ionic
surfactants and Pluronic F87 produced dispersions with more exfoliated hBN sheets,
with average thicknesses ranging from 0.78 nm in DTAB to 1.78 nm in SDS (Figure
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62). This sheet thickness is similar to other reports of effectively exfoliated hBN using
surfactants. On the contrary, Pluronic F88, Pluronic F108, and water still contained
hBN crystals with average thicknesses of 16-22 nm (Figure 62 and 64). It is
interesting to note that Pluronic F87 is able to produce dispersions of more exfoliated
hBN than the other nonionic surfactants. This difference must be a result of the
decrease in molecular weight or increase in hydrophobicity when compared to the
other Pluronic surfactants tested (Pluronic F87 MW ~7,700 g/mol, 70% hydrophilic).
However, further tests comparing a larger range of nonionic surfactants would be
necessary to fully explain this difference. The hBN sheets’ average lateral width
ranged from 320 nm in SC to 980 nm in Pluronic F108 (Figure 63 and 64). Besides
Pluronic F108, the nonionic and anionic surfactants produced dispersions of smaller
sheets on average (~400 nm each) than the cation surfactants (~680 nm). Overall,
the best quality dispersions were prepared with DTAB, producing the thinnest, and
therefore most exfoliated, sheets (0.78 nm) with the second largest average lateral
width (929 nm).
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Figure 60. Representative AFM images of hBN dispersed in all surfactants and water
after 100g centrifugation. All scale bars are 2 µm.

Figure 61. Representative AFM images and height profiles for a sampling of the
surfactants and water. Bright yellow areas in surfactant samples are from excess
surfactant that didn’t get removed. All scale bars are 2 µm.
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Figure 62. Thickness of 100 randomly selected hBN sheets in each of the tested
surfactants.

Figure 63. Lateral width of 100 randomly selected hBN sheets in each of the tested
surfactants
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Figure 64. Thickness and lateral width of 100 randomly selected hBN sheets
dispersed in water.

The AFM results were further confirmed by cryo-TEM images of dispersions
in SDS, DTAB, Pluronic F88, and water (Figure 65). As seen by AFM, dispersions in
SDS and DTAB reveal thin, exfoliated sheets, while dispersions in PF88 and water
reveal large crystals and aggregates of material.

Figure 65. Cryo-TEM images of hBN dispersions in SDS, DTAB, Pluronic F88, and
water. All scale bars are 100 nm. Black dots in the image are due to surfactant.

Further studies were conducted to determine the impact of sonication time
and centrifugation rate on the quantity and quality of the produced dispersions. CTAC
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was utilized for these experiments as it produced the best quality dispersions among
the surfactants that could be studied by UV-Vis – absorbance from DTAB, CTAB, SDBS,
and SC overlap considerably with that of hBN. First, to test the impact of
centrifugation rate, samples were prepared as usual, but with centrifugation rates of
100g, 1,000g, 2,000g, 4,000g, and 8,000g. Then, to test the effect of increasing
sonication time, samples were prepared as usual, but with sonication times 5, 20, and
60 min. These samples were analyzed by UV-Vis absorbance and AFM to determine
the relative quantity and quality of the produced dispersions. Figure 66 a-c shows the
impact of centrifugation rate on hBN concentration, thickness, and lateral width,
respectively. As centrifugation rate increases from 100g to 1,000g, the absorbance,
and therefore concentration, of hBN reduces by almost three times, but only
experiences small losses as the centrifugation rate is further increased. This decrease
in concentration also correlates with a decrease in average thickness and a slight
increase in average lateral width, as large and small aggregates are forced out of
solution. Figure 66 d-f reveals the impact of increasing sonication time on the quantity
and quality of dispersed hBN material. As sonication time is increased, the
absorbance increases, as expected, as more material is able to exfoliate and get into
solution. However, though the hBN sheet thickness remains similar for all cases, the
lateral width increases to a maximum after 20 min and then drops considerably after
60 min, as hBN sheets start to get destroyed. These results validate our prediction
that a combination of stirring and short sonication times would preserve the lateral
dimensions of our sheets compared to long periods of sonication or ball milling.
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Figure 66. Plots reveal the impact of centrifugation rate (a-c) and sonication time (df) on hBN sheet concentration, thickness, and lateral width. As centrifugation rate
increases, we see a decrease in absorbance (a) and thickness (b) with little impact on
lateral dimensions (c). As sonication rate increases, we see an increase in absorbance
(d), fairly insignificant changes in thickness (e), and an increase and decrease in
lateral width revealing an optimal sonication time around 20 min (f).

In addition to being high in quality, it would be beneficial for many
applications to have dispersions that remained stable for extended periods of time.
The best way to test this is using UV-Vis absorbance measurements to track the
concentration of hBN over time. Dispersions prepared in four of the surfactants and
water were tracked by UV-Vis for one month (Figure 67). The surfactants chosen
were those that overlapped the least with hBN absorbance, and could, therefore, have
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the surfactant absorbance subtracted as background. Dispersions were prepared as
usual, under the 8,000g centrifugation method, and then diluted with surfactant so all
dispersions had the same initial hBN concentration. The diluted dispersions were left
undisturbed for one month. Samples prepared by the 100g centrifugation method all
experience ≥ 30% fallout within 24 hours, so long term stability tests were not
conducted.

Figure 67. UV absorbance (at 205 nm) of hBN dispersions in surfactant solutions and
water tracked over one month.

There were clear differences in stability for the surfactants tested. The ionic
surfactants dispersions, SDS and CTAC, remained stable for the duration of the
experiment. Though we could not test the other ionic surfactants, due to their large
absorbance at 200 nm, we expect they would follow a similar trend based on the zeta
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potential and imaging results. By comparison, the nonionic surfactant dispersions
were not stable over time. The hBN concentration in PF88 fell below a detectable
amount after day 10 and even though the dispersions in PF87 were of higher quality,
they still showed a considerable decrease in concentration over time (~63%).Water
also showed a significant drop in concentration over time with a ~37% decrease in
absorbance over the 24 days. This is likely due to the low quality of the dispersions
prepared by PF88 and water. The larger crystals that remain in solution will not be
as stable as well-exfoliated sheets and, without the electrostatic interactions supplied
by ionic surfactants, are more prone to aggregating and crashing out of solution. The
water, SDS, and CTAC samples were inspected again after 90 days. While the water
dispersion had crashed out completely by this time, SDS and CTAC maintained 82%
and 63% of their original hBN concentration, respectively, further confirming the
stability of dispersions in ionic surfactants.
Finally, to demonstrate the scalability and usefulness of these systems for
industrial applications, a dispersion prepared in SDS was utilized to produce a thin,
transparent coating on glass (Figure 68). Such hBN coatings have been proposed for
bacterial growth suppression48,361 or fire protection.362 Since hBN is completely
transparent to visible light, such coatings could be applied to imaging or detection
systems without obscuring the signal. This was demonstrated by placing the coating
over an image of the Rice University logo (Figure 68 b). SEM imaging of the prepared
film reveals a uniform layer of hBN sheets (Figure 68 c,d).
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Figure 68. Transparent coating of hBN floating on water (a) and deposited on glass
and placed over the Rice University logo (b) to show that it is not obscured by the
film. SEM images (c,d) of the film reveal a relatively uniform layer of hBN sheets.

5.4. Conclusion
A systematic study of hBN dispersion in nine surfactants and water was
conducted under two different dispersion preparation conditions. In all cases, hBN
was added to a 1 wt. % surfactant solution at an initial concentration of 2 mg/mL,
stirred for 1 hr, sonicated for 20 min (42kHz), and then centrifuged for 30 min. The
dispersions were either centrifuged at a low centrifugation rate (100g) to optimize
the dispersion yield and produce a greater distinction between surfactants, or at a
higher rate (8,000g) to optimize the dispersion quality and stability. It was
determined that after 100g centrifugation, nonionic surfactants, and particularly
PF88 (MW ~11,400 g/mol), dispersed the most material (ca. 16% yield). However,
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the quality of these dispersions was poor, primarily consisting of small crystals of hBN
rather than exfoliated sheets. After 8,000g centrifugation, all of the surfactants had
very similar dispersion yields (ca. 2-3%) and all dispersed less material than water
alone, however, the quality and stability of the dispersions produced by ionic
surfactants greatly surpassed those produced by nonionic surfactants or water. In
particular, cationic surfactants proved to be ideal for dispersing thin hBN sheets with
large lateral dimensions. Additionally, dispersions in ionic surfactants, SDS and CTAC,
could be monitored by UV-Vis and were found to remain stable for at least 24 days,
while those in nonionic surfactants and water experience significant fallout over time.
Finally, a transparent coating of hBN on glass was prepared from a dispersion of hBN
in SDS, demonstrating the applicability of these systems to industrial applications.
Through a combination of gravimetric, spectroscopic, and microscopy
experiments, we determined that cationic surfactants, and more specifically DTAB,
are the best choice for efficient exfoliation and dispersion of hBN. However, the
similarity in results for all ionic surfactants reveals that the specific surfactant
selection can be optimized based on the intended application, without fearing a major
loss in dispersion yield or quality. Moreover, we found that our dispersion method,
utilizing a combination of stirring, short sonication times, and high centrifugation
rates, was ideal for preserving hBN sheet lateral dimensions while still obtaining
dispersions of primarily thin, few-layered hBN sheets. Future work could aim to
optimize these dispersion conditions further in order to increase dispersion yield
without compromising quality or stability.

Chapter 6

Two-Dimensional Diffusion of
Hexagonal Boron Nitride Nanosheets
Undergoing Brownian Motion

6.1. Introduction
2D nanomaterials, such as graphene,363 hexagonal Boron Nitride (hBN),57 and
transition metal dichalcogenides (TMDCs),114 compose an important subgroup of
nanomaterials with exciting and novel properties. Due to their valuable mechanical,
thermal, and electronic properties, they have been proposed for utilization in a wide
variety of applications, including energy storage, protective films, and electronics,
among others. Reaching these important applications relies heavily on our ability to
use liquid-phase processing to manufacture macroscopic materials from these
nanosheet building blocks. Despite their far-reaching applications, very little work
has been done toward a fundamental understanding of the behavior of such systems
in solution. Theoretical predictions have been offered for disk-like particle diffusion
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through bulk solution,364,365 however, to our knowledge, very little experimental work
has been done.366 In the case of rigid rods, experimental studies on model rods, such
as actin filaments,367 carbon nanotubes (CNTs),270 germanium nanowires,368 and
boron nitride nanotubes,369 were utilized to determine and confirm a model for rodlike particle Brownian diffusion through a confined solution. These results were
utilized to accelerate research of rod-like particles in biological systems and in the
production of materials from rigid rod building blocks, such as CNTs.307,370–373 In each
of these systems, the rigid rod particle was studied on the single molecule level to
understand how changes in rod-length impact diffusivity. Additionally, each system
was studied under confinement, as a confinement model is more applicable to both
biological systems307 and materials processing.374 To date, no such single molecule
study on disk-like materials has been performed.
Herein, we use hexagonal boron nitride (hBN) as a model disk for translational
diffusion studies under confinement. hBN is a structural allotrope of graphene, with
alternating boron and nitrogen atoms forming a honeycomb structure in two
dimensions.57 Though lightweight and mechanically strong, like graphene, hBN is also
chemically inert, thermally stable, and electrically insulating. 57,375,376 We predict the
results of this study will be applicable to understanding the behavior of similar 2D
materials.
In this study, hBN is imaged and tracked through solution using fluorescence
microscopy. Since hBN is transparent to visible light, we utilize a fluorescent
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surfactant, as previously reported for boron nitride nanotubes (BNNTs),333,369 to
visualize each hBN sheet. hBN is confined between glass slides, using polystyrene
spacers to control the gap size. The translational diffusion coefficient of each hBN
sheet was plotted as a function of sheet area, and was found to decrease with
increasing sheet area, as predicted by theory.365 However, the values observed were
much smaller than those predicted for bulk diffusion.

6.2. Experimental Section
6.2.1. Materials
Hexagonal boron nitride (hBN) was obtained from US Nano and used as
received. Cetyltrimethylammonium chloride (CTAC) was purchased from BTC.
Rhodamine surfactant was synthesized by a previously reported method.333,369 Glass
slides and cover slips were from Thermo Scientific and were washed with IPA and air
dried before use.
6.2.2. Preparation of microscope samples
A 2 mM solution of the Rhodamine surfactant in methanol was prepared. This
was diluted 35x with a 1 wt. % CTAC solution for a final Rhodamine surfactant
concentration of 5.7 µM. 0.5 mg hBN and 7 mL of the surfactant mixture were added
to a 15 mL-glass vial fitted with a stir bar. The solution was stirred overnight and bath
ultrasonicated (Cole-Parmer 8891, 42 kHz) for 20 minutes to disperse and exfoliate
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the hBN sheets from the 3D material. The resulting suspension was centrifuged at
2,500g for 30 minutes and the supernatant collected for imaging. 1.5 µL of 10 wt. %
silica microspheres (1, 2, or 4.5 µm, Bangs Laboratories) were added to 100 µL of the
final suspension. For imaging, 0.6 µL of the hBN and microspheres mixture was placed
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.
6.2.3. Imaging hBN
The tagged hBN were imaged on a Zeiss Axiovert 200M epi-fluorescence
microscope with a TRITC (Rhodamine B) filter cube (Chroma; lex 527-552/ 565
dichroic/ lem 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
(18 frames per second), controlled by ToupView software. Videos are collected for
approximately 5 minutes (~5,400 frames).
6.2.4. 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
20mM MgCl2. The mica surface was heated to ~120˚C using a hot plate and the
dispersion was applied through a spray bottle in order to deposit a fine mist that
could quickly dry. Excess surfactant was removed by rinsing in water and drying with
air. This process was repeated twice before leaving the samples to dry in the oven at
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110˚C for 1 hour. AFM measurements were performed with a Digital Instruments
Nanoscope IIIa scanning probe microscope controller in tapping mode. AFM images
were processed in Gwyddion and the height profiles of 128 randomly selected hBN
sheets were collected.

6.3. Results and Discussion
Hexagonal boron nitride (hBN) was exfoliated and dispersed in a mixture of
CTAC and a fluorescent Rhodamine-based surfactant, previously reported for the
dispersion and imaging of BNNTs.333,369 Briefly, the 3D hBN crystals were stirred in
the surfactant mixture overnight and then bath sonicated for 20 minutes to exfoliate
few-layered sheets. The solution was centrifuged at 2,500g for 30 minutes to remove
large aggregates, and the supernatant was used for imaging. AFM imaging of the hBN
sheets was used to determine their thickness and ensure the sheets were relatively
uniform in size (Figure 69). AFM height measurements of 128 randomly chosen hBN
sheets found an average sheet thickness of 3.8 ± 1.3 nm.
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Figure 69. Representative AFM image of dispersed hBN sheets (a), height profiles
from two sample AFM sheets (b), and a histogram showing the average thicknesses
of 128 randomly chosen hBN sheets (c).

The exfoliated and fluorescently tagged hBN sheets were mixed with 2 µm
silica microspheres before being added to the microscope slide (Figure 70). These
microspheres created a uniform, 2 µm confinement between the slide and coverslip.
The coverslip was sealed with epoxy to prevent any convective flow of the hBN sheet,
ensuring the measurement of only its Brownian motion. Each hBN sheet was
recorded for approximately 5 minutes (~5300 frames).
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Figure 70. Time lapse images of a 7.4 µm2 hBN sheet undergoing Brownian motion
under a 2 µm confinement.

The position of the hBN center of mass was measured for each frame and
plotted as a function of time. Figure 71a shows a representative plot obtained for the
7.4 µm2 hBN sheet in Figure 70. These measurements were used to calculate the
mean-squared displacement (MSD) of the hBN sheet (Figure 71b). Displacements
were obtained using internal averaging, so all position pairs within the same time
interval were included for each point.377 The MSD curve could then be used to
calculate the translational diffusion coefficient (Dt). Movement in the z direction was
limited by only analyzing sheets with areas larger than the confinement gap size (2
µm), so the translational diffusion could be measured in two dimensions. Therefore,
MSD = 4DtDt+C, where the constant, C, comes from uncertainty in the measurement.378
All measurements used had an uncertainty less than 10%.
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Figure 71. Example analysis of a 7.4 µm2 hBN sheet shows the position of the center
of mass (a) and the mean squared displacement (b) over time. Only the linear portion
of the MSD graph is shown. The slope of the MSD graph equals 4Dt.

The translational diffusion coefficient was extracted from trajectories for hBN
sheets with areas ranging from ~ 2 to 8 µm. Figure 72a shows the translational
diffusion coefficients plotted as a function of hBN sheet area. Plotting these values in
log scale clearly shows that Dt decreases with increasing sheet area with a slope of
approximately -1. In bulk solution, the two-dimensional translational diffusion
coefficient for a theoretical disk is equal to366
!1 =

G/ 1
H

(1)

where
V
= 1.009 + 1.395N104% (ln -) + 7.880N 104% (ln -)% + 6.040N104$ (ln -)$
VI
and
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where KB is the Boltzmann constant, T is temperature, p = b/L, L is the lateral
size of the disk, and b is the thickness (Figure 72a). The theoretical diffusion in bulk
solution is much greater than our experimental results under confinement. This is
expected as confining the system results in additional drag from interactions with the
confining wall and an increased apparent viscosity.367,368 Additionally, the correlation
between sheet area and diffusion is much lower in bulk solution, producing a slope of
only -0.2. This is not surprising, as larger sheets are likely to have much greater drag
from the confining walls, as was seen, though to a lesser extent, with BNNTs.369

Figure 72. (a) Translational diffusion coefficients of hBN sheets under 2 µm
confinement plotted as a function of sheet area and compared to a theoretical disk
diffusing in bulk solution. Blue circles represent the experimental measurements
with the dashed line showing the linear fit of the data. The solid black line represents
the predicted diffusion in bulk solution. (b) Translational diffusion coefficients of hBN
sheets under 1 µm (dark blue triangles), 2 µm (light blue circles), or 4.5 µm (pink
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squares) confinement and plotted as a function of sheet area. The dashed lines
represent linear fits of the experimental data and all have slopes of approximately -1
with R2 = 0.93, 0.97, and 0.94, respectively.

To further analyze the impact of confinement, we tested how changing the gap
size impacted the diffusion of the hBN sheets. To test the correlation between Dt and
gap size, the translational diffusion of hBN sheets was additionally measured under a
1 µm and 4.5 µm confinement (Figure 72b). Unsurprisingly, the hBN sheets’
translational diffusion increased with increasing gap size. However, applying a linear
fit to each curve produced a similar slope of approximately -1 in all cases. For a clearer
comparison, the Dt values were normalized by the gap size (Figure 73). When plotted
in log scale, these normalized values all fall onto one fitting curve with an R2 value of
0.94, demonstrating that the dependence on gap size is linear.

Figure 73. Dt values corrected for gap size and plotted as a function of hBN sheet area.
The black, dashed line represents a linear fit of the data (m = -1, R2 = 0.94).
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6.4. Conclusion
In summary, diffusion of a model disk, hBN, under confinement has been
investigated for the first time. hBN sheets were tagged with a fluorescent surfactant,
as previously demonstrated with BNNTs,369 and their Brownian motion was tracked
over time. The hBN trajectories were used to determine the dependence of the
translational diffusion coefficient on sheet area and gap size. It was found that
confinement greatly decreases the sheets’ diffusion (~35x) and increases its
dependence on sheet size (~5x). Additionally, normalizing all of the Dt values for gap
size produced a linear fit with an R2 value of 0.94, demonstrating a linear dependence
of diffusion on gap size. Future work will be necessary to determine an exact
mathematical model for the translational diffusion of theoretical confined disks, but
these insights provide a large step toward understanding this system. We expect
these results will be applicable to other nanosheet species, such a graphene and
transition metal dichalcogenides, and will further our understanding of nanosheet
behavior in aqueous solution. As was realized with rigid rods,307,370–373 this knowledge
could be monumental for the utilization of these materials in biological systems or for
manipulating liquid processing techniques to produce macroscopic materials from
these nanosheets.

Chapter 7

Conclusions

7.1. Surfactant-Assisted Individualization and Dispersion of
Boron Nitride Nanotubes
In this work we performed a systematic surfactant study of BNNT dispersion
in 8 common surfactants, allowing us to gain insight into what properties make
dispersion optimal. We first utilized TGA to determine the quantity of BNNT material
that was dispersed in each surfactant, and found the high molecular weight, nonionic
surfactants dispersed the most material. Then, we investigated the dispersion
stability with zeta potential measurements. Though zeta potential of nonionic
surfactants doesn’t provide much information, we found that the zeta potential of
dispersions in ionic surfactants correlated with the amount of material they were able
to disperse.
Next, we interrogated the dispersion quality through imaging with AFM and
cryo-TEM. We found that ionic surfactants are more selective, dispersing primarily
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BNNTs, while ionic surfactants dispersed a mixture of BNNTs and other BN
impurities, such as hBN. Additionally, these studies showed that cationic and nonionic
surfactants dispersed individualized BNNTs, while SDS dispersed more small bundles
of nanotubes.
Finally, we used UV-Vis absorbance, DLS, AFM, and zeta potential to study the
dispersion preparation conditions and the long-term stability of dispersions in SDS,
CTAC, and Pluronic F108. We validated our procedure by finding that surfactant
concentrations above their CMC drastically improved the dispersion yield and that
large centrifugation rates produced more stable dispersions with more
individualized BNNTs. Lastly, we found that the surfactant dispersions produced
were stable for a least a month without drastic changes in concentration or
aggregation.

7.2. Fluorescent Surfactants from Common Dyes – Rhodamine B
and Eosin Y
This chapter describes the development of a new method to disperse and
visualize boron nitride nanomaterials using fluorescence microscopy. Here, we
described the synthesis of eight novel fluorescent surfactants by an esterification
reaction between common fluorescent dyes (Rhodamine B and Eosin Y) and alcohols
with different carbon chain lengths (hexanol, decanol, dodecanol, and hexadecanol).
We used the pendant drop method to conduct interfacial tension measurements of
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each surfactant to determine their CMC. It was found that all surfactants had
reasonable CMCs for their structure and that, as is typical for common surfactants,
the CMC decreased with increasing aliphatic chain length.
We also investigated the fluorescence properties of each of the surfactants and
found that as the aliphatic chain length increased the quantum yield decreased. This
verified that π-π stacking between neighboring dye molecules could quench the
fluorescence emission.
Finally, we utilized the fluorescent surfactants as cell stains, finding that the
surfactants localized in cell membranes, and for dispersing and imaging CNTs and
BNNTs. This served as a proof of concept for chapter 4 which further validated the
use of one of these fluorescent surfactants for real-time visualization studies of
BNNTs.

7.3. Real-Time Visualization and Dynamics of Boron Nitride
Nanotubes Undergoing Brownian Motion
Here, we investigated BNNT rotational and translational diffusion in aqueous
solution. Using the rhodamine surfactant with a 12-carbon chain from chapter 3, we
could disperse and image BNNTs in real-time. First, we probed the BNNT-surfactant
interactions spectroscopically, finding that when the surfactant is mixed with BNNTs,
the fluorescence emission and lifetime is quenched. This verified that the surfactant
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was interacting strongly with the BNNT and would work as a good tag for real-time
visualization.
We then imaged BNNTs tagged with the rhodamine surfactant under a 2 µm
confinement and recorded their movement for ~ 5 minutes. After analyzing their
change in center of mass and orientation over time, we could determine the
translational and rotational diffusion coefficient for each BNNT. Plotting these values
as a function of BNNT length, demonstrated that BNNT diffusion mimics that of a
theoretical rigid rod.
This knowledge will aid the design and manufacturing of macroscopic
materials using BNNTs as building blocks. Moreover, BNNTs could replace CNTs as
the model rigid rod for studying soft matter systems, allowing the study of these
systems by standard methods while avoiding CNTs’ disadvantages due to strong light
absorption.

7.4. Optimizing Surfactant Selection for the Exfoliation and
Dispersion of Hexagonal Boron Nitride
In this chapter we performed a similar systematic surfactant study as in
Chapter 2 but focused on the exfoliation and dispersion of hBN. Here, we compared
dispersions produced by two different centrifugation rates, 100g and 8,000g. The
100g centrifugation dispersions were used to provide more disparity between
dispersion yields for the different surfactants while the 8,000g centrifugation
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dispersions were better for analyzing dispersion quality and stability. We found that
under the low-speed centrifugation, the nonionic surfactant, Pluronic F88, produced
the highest concentration dispersion, and that no other surfactant outperformed
water alone. On the contrary, after the high-speed centrifugation, all yields were
roughly the same ~2-3%. We then investigated the ionic surfactants stability, using
zeta potential, and expected to find a similar trend as in chapter 2. However, we found
that dispersion concentration actually decreased with increasing zeta potential.
Therefore, we predicted that electrostatic interactions alone could not account for the
dispersion yields, and that they must also be influenced by the surfactant structure
and its ability to interact with the hBN sheet.
Next, we examined the dispersion quality by AFM imaging and found that
while ionic surfactants produce dispersions of well-exfoliated hBN sheets (~1-2 nm
thick), nonionic surfactants and water were ineffective at exfoliating the hBN crystals
and instead produced dispersions of large crystals (~100-200 nm).
We also studied dispersion stability for each type of surfactant over 1 month.
We found that while the concentration of hBN in the ionic surfactants remained
relatively stable over time, the nonionic surfactants and water experienced a
significant decrease in absorbance over the month-long period.
Finally, we demonstrated the use of such dispersion in an industrial
application by preparing thin, transparent coatings of hBN on glass.
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7.5. Two-Dimensional Diffusion of Hexagonal Boron Nitride
Nanosheets Undergoing Brownian Motion
In Chapter 6, we performed the first study into the diffusion of a 2D disk-like
material under confinement. Just as in chapter 4, we used a rhodamine-based
surfactant to disperse and visualize hBN. We tracked hBN translational diffusion over
time to obtain the translation diffusion coefficient, which we analyzed as a function
of nanosheet area and confinement gap size. We found that confinement of 2D disks
drastically decreases their diffusion and increases the dependence of this diffusion on
nanosheet size. Additionally, we determined that there is a linear dependence of
diffusion on the confinement gap size.
We expect these results will be applicable to all 2D materials, such as graphene
and TMDs, and could pave the way for utilizing these materials in biological systems
or for using liquid processing techniques to produce macroscopic hBN materials.
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