
 

HARRISON, HALEY B. Ph.D. Covalent functionalization of BNNTs for low density aerogels. 

(2021) 

Directed by Dr. Jeffrey R. Alston. 132 pp.  

Boron nitride nanotubes (BNNTs) and hexagonal boron nitride platelets (h-BNs) have 

received considerable attention for aerospace insulation applications due to their exceptional 

chemical and thermal stability. Since synthesis in 1995, there have been many attempts towards 

developing novel BNNT-based and BNNT-integrated composites, but many advances are limited 

by the production scale of BNNTs. In this dissertation, recent advances in BNNT synthesis and 

purification are reviewed and how the increasing availability of gram-scale high purity BNNTs 

can be investigated for low density composite applications. Such future applications covered in 

this work include use of h-BNs and BNNTs as nanofillers in polymer aerogels. Polyimide 

aerogels have great potential for use as flexible, high temperature stable insulation materials. 

These aerogels can be multifunctional by adding BNNTs into the aerogel structure. As covalent 

functionalization methods remain limited, we explore methods enabling the addition of 

unmodified boron nitride nanomaterials including BNNTs into polyimide aerogels as nanofiller, 

and their limitations due to their strong tendency to aggregate in solution. 
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CHAPTER I: OVERVIEW 

Boron nitride nanotubes (BNNTs) have numerous interesting properties including 

significant thermal and chemical stability, that make them ideal for use in polymer materials to 

improve the physical and chemical properties. Due to the exceptional stability of BNNTs, their 

use as reinforcement has been limited due to the strong intermolecular forces responsible for the 

agglomeration of BNNTs in solvents and solutions. In this thesis, we explore methods for 

functionalizing BN nanoparticles and BNNTs and applications enabled by the development of 

these methods.  

First, this dissertation presents a literature review of the synthesis, purification, and 

functionalization of BNNTs. As proof of concept, the use of h-BN and BNNTs as nanofiller in 

polyimide aerogels was explored. A 7 wt. % formulation was used to synthesize a series of 

polyimide aerogels. The aerogels were characterized via Fourier transform infrared spectroscopy 

(FT-IR), thermal gravimetric analysis (TGA), and Sessile Drop goniometry was used to calculate 

the contact angle. Methods for dispersing BN nanoparticles in solutions were evaluated. This 

dissertation also explores methods for quantifying the h-BN content in a sample of as received 

BNNTs (AR-BNNTs). Controlled covalent attachment across the B-N bond via a sonication 

initiated alcoholysis approach is presented. A statistical experimental design was employed to 

optimize factors such as time, temperature, and energy output (Joules) during the procedure, to 

control heat generated during the sonication process. Alcohols containing one or more additional 

functional groups were targeted due to the reactivity of short lived -OH radicals. Small 

molecules including fluoroalkoxy, alkoxy, and amine moieties are explored for their potential to 

be used as structural reinforcement in polyimide aerogels. In this one-step approach, it has been 

demonstrated that fluorinated groups can be attached across the B-N bond showing functional 
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group compatibility in low concentrations. First, we demonstrated h-BN platelets < 150 nm can 

be covalently functionalized when reacted with fluorinated alcohols to yield -CF2 and -CF3 

functionalized hexagonal boron nitride nanoparticles (CF3-h-BN) and (CF2-h-BN) (in ~1-2% via 

atomic percentages). Once successful attachment was shown, the technique was reproduced on 

BNNTs. Attachment of fluoroalkyl groups was confirmed via XPS, Raman and FT-IR. 

Bifunctional alkanolamines were investigated for attaching aliphatic amine (-NH2) moieties to 

across the BN bond. Adequate stability of functionalized h-BN and BNNT nanostructures can be 

showed in solvents such as NMP, when compared with unfunctionalized BNNTs. This work 

seeks to improve the compatibility between BN or BNNT nanostructures and composite and 

polymer matrices such that their properties are improved. This provides a basis for exploring 

functionalized BNNTs for use as reinforcement in polyimide aerogels. Further summaries of the 

chapters are expanded below. 

In Chapter 1, a literature review on current BNNT synthesis methods, purification, 

functionalization methods is covered. An overview of polyimide aerogel synthesis and their 

applications are provided. This review is followed by a demonstration of methods as a proof of 

concept, which can potentially be used to effectively incorporate h-BN and BNNTs into 

polyimide aerogels. With this technique, we use a liquid processing approach to incorporate BN 

nanoparticles and BNNTs into the dilute monomer solution hereby avoiding aggregation that 

occurs during gelation. This processing route will enable future applications development and 

expand use of polyimide aerogels for high-temperature environments. 

In Chapter 2, we describe methods for quantifying the purity of as received BNNT 

samples via calculating the concentration of h-BN via an FT-IR spectroscopic technique. 
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In Chapter 3, we explore sonochemical techniques to develop a one-step route for 

functionalizing h-BN with fluoroalkoxy groups. We apply DOE methods to optimize on factors 

such as temperature, time, and energy to reduce potential damage to BNNTs.  

In Chapter 4, we demonstrate sonochemical radical initiated fluoroalkoxy covalent 

functionalization of BNNTs. We characterize the functionalized BNNTs using a variety of 

spectroscopic and microscopic techniques including XPS, FT-IR, Confocal Raman microscopy 

and solubility studies. We demonstrate the sonochemical process can be modified, presenting 

functionalized NH2-h-BN nanoparticles (f-NH2-h-BN) and NH2-BNNTs sonochemical radical 

initiated amine covalent functionalization of h-BN and BNNTs. We characterize the 

functionalized BNNTs using spectroscopic and microscopic techniques including XPS, FT-IR. 

Visual stability is used to evaluate the solubility of BNNTs.
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List of Abbreviations 

AR-BNNT- as received boron nitride nanotube 

ATR -attenuated total reflectance (infrared spectroscopy) 

FT-IR -Fourier transform infrared spectroscopy 
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SEM -scanning electron microscopy 
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DMBZ -2, 2’-dimethylbenzidine 

AA -acetic anhydride 
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TEA -triethylamine  

BTC -1,3,5-benzenetricarbonyl trichloride 

Vertrel XF -commercial decafluoropentane  

 



6 

 

CHAPTER II: INVESTIGATING BN NANOPARTICLES AND BNNTS AS NANOFILLER 

IN POLYIMIDE AEROGELS 

Introduction 

Boron nitride nanotubes (BNNTs) are white, optically transparent to visible and IR light, 

one-dimensional nanostructures that are, in contrast with CNTs, electrically insulating 

nanostructures regardless of chirality. BNNTs are the structural analogue for CNTs but due to 

the partial ionic nature of B-N bonds, these h-BN nanoparticles and BNNT materials have 

numerous distinct properties such as superior mechanical strength, a band gap of ~6 eV, high 

oxidative resistance, and high thermal conductivity. Additionally, BNNTs have an exceptional 

capability to be neutron shielding . BNNTs consist of rolled h-BN sheets where the B and N 

atoms exist in an hexagonal sp² hybridized lattice. BNNTs are high aspect ratio materials with a 

1-100 nm diameter and can be grown at lengths ranging from 100 nm to several microns. 

BNNTs are exceptional due to the higher oxidative stability in air, approaching 800 °C, well 

exceeding the 400 °C oxidation limit of CNTs. This makes BNNTs favorable for a variety of 

high temperature applications, as BNNTs will not break down in extreme environments where 

CNTs and other bulk materials fail. Despite their theorized superiority, BNNT advances in 

applications remain limited as synthesis techniques, purification methods, and covalent 

functionalization techniques remain difficult to develop due to their (BNNTs) high thermal 

stability, inert nature, insolubility and hydrophobicity .  

Synthesis 

Advances in synthesis techniques have allowed for commercial availability of a wide 

variety BNNTs, but practical use of BNNTs has been limited due to the problems with 

commercial processing leading to poor quality products with low yield. Since inception, a wide 
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variety of methods have been developed to grow BNNTs. Many of these methods were inspired 

by successful techniques developed for CNT synthesis, including arc discharge, chemical vapor 

deposition (CVD), laser ablation, ball milling, and atom deposition. In 1995, BNNTs were first 

synthesized via a plasma arc discharge apparatus, producing tubes with a diameter of 1-3 

nanometers and lengths up to 200 nm. 

Chemical Vapor Deposition, Induction Heating Boron Oxide Chemical Vapor Deposition  

Chemical Vapor Deposition (CVD) methods were frequently and successfully used to 

synthesize CNTs, and many methods exist that have been modified and developed to be applied 

for the synthesis of BNNTs. These early methods relied on forming carbon based vapors that 

resulted in carbon contaminated BNNTs. The focus then turned to developing carbon-free 

catalysts in methods, referred to as boron oxide CVD (BOCVD) methods, including early but 

limited success using highly toxic borazine as a precursor at 1000 – 1100 °C . In 2002, Tang et 

al. developed the first successful carbon-free precursor and catalyst, that enabled the group to 

develop a successful CVD method that could produce bulk amounts of BNNTs. Here, they 

reacted boron and nitrogen or ammonia in the presence of  amorphous NiB/Al2O3 catalyst.  In 

another publication, the group reacted a mixture of B2O2 and Mg in ammonia to produce 

BNNTs.  

Early development of BOCVD processes yielding BNNTs used an induction heating 

chamber containing a mixture of carbon free precursors such as B. These precursors are reacted 

with metal oxides such as MgO and FeO catalysts that produce reactive boron oxide (BxOy) 

vapor, that is then reacted in ammonia (NH3). After evaporation, small amounts of BNNTs could 

be collected from the chamber. Lee et al., produced BNNTs at 1200 °C in a conventional 

resistive tube furnace via a growth vapor trapping method. Here, growth is controlled by using 



8 

 

catalytic nanoparticles coated on Si substrates. This method produces BNNTs in a controlled 

manner, whereas the traditional CVD methods spontaneously produces BNNTs that are removed 

from the tube surface. Presently, CVD techniques are favorable when compared with other 

techniques because they allow for better controllability of growth parameters, precursors, and 

catalyst type and temperature. BNNT growth by CVD methods consistently produce higher 

quality and quantity BNNTs. Huang et al., and Li et al., expanded on the preceding work by 

introducing B and Li2O as a precursor. The introduction of lithium improved the process, 

producing pristine, gram-scale quantities of BNNTs . 

These advancements allowed for the next phase of CVD methods to develop, where high 

quality, gram-scale BNNTs could be produced at lower temperatures and at ambient pressures. It 

can be summarized that, using BOCVD methods, BNNTs can be produced at temperatures from 

1100-1500 °C in gram-scale quantities although some impurities, such as B, BN, and metal 

catalyst are detected. This process was simplified further by using an argon gas atmosphere, 

developing argon supported thermal chemical vapor deposition (TCVD) methods . 

Thermal Chemical Vapor Deposition 

CVD methods are highly customizable, and different research groups tend to use a 

variety of experimental parameters leading to a wide range in the produced BNNT quality and 

quantity. Additionally, these early methods required a special furnace, high pressures, and high 

temperatures. In the next phase of development, researchers began using a conventional 

horizontal tube furnace, in specific ratios of precursors (B, FeO, MgO) to grow BNNTs on 

silicone/silicone dioxide (Si/SiO2) substrates at 1100 -1300 °C using a process known as thermal 

chemical vapor deposition (TCVD) . Lee et al., produced BNNTs using a growth vapor trapping 

approach (GVT) , where a quartz tube is used to trap growth vapors and form BNNTs. Compared 
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with BOCVD methods, specific ratios of catalytic nanoparticles (Fe, MgO, Ni) on Si substrates 

are used to control the growth of BNNTs via an optimized vapor-liquid-solid process (VLS). 

This work established reproducible methods for producing small quantities of high quality and 

high purity BNNTs . Wang, X. Z. et al., customized a template-assisted microwave plasma-

enhanced CVD approach to synthesize BNNT arrays below 520 °C, under a anodic aluminum 

oxide template with borane/argon and ammonia/nitrogen precursors. This method is desirable 

due to the low growth temperature for practical, potentially scalable synthesis enabling 

commercial applications. However, this method produces highly amorphous BNNTs. The 

BNNTs produced branched and dendriform BNNTs, which may be of interest for electrical 

applications . 

High Temperature Ball Milling 

The formation of BNNTs can be achieved using solid-state processes such as ball milling 

and annealing, however, the quality of the produced BNNTs is generally low, and the energy and 

time expended during this process is high. The theory behind the method is that a reaction 

between boron and nitrogen can be induced through the introduction of defects in the starting 

powers by adding sufficient mechanical energy (ball milling). To make nanotubes, the treated 

powders must be annealed at high temperatures (at or above 1200 °C) . This process is appealing 

because it can produce large quantities of BNNTs, although purity remains questionable. Chen et 

al., first utilized ball milling as a synthesis method to yield BNNTs by ball milling hexagonal BN 

(h-BN) powder for many hours (150 h) to generate disordered nanostructures. This was followed 

by annealing at high temperatures (1300 °C), leading to nucleation and growth of hexagonal 

shaped BNNTs . The BNNTs produced included different structures, including cylindrical tubes 

as well as segmented tubular nanostructures, resembling bamboo. These early methods produced 
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highly contaminated samples; each tube produced during this process was capped with a metal 

(Fe, Ni, Cr) particle, and contaminated with difficult to remove nanosized h-BN particles. H-BN 

powders did not grow nanotubes in milled samples that were not heated, showing that the growth 

of BNNT was due in part to the annealing process. Further research was conducted to improve 

the ball-milling process to improve the quality and quantity of BNNTs that could be produced . 

Researchers have attempted using ammonia during the annealing process, but this yielded 

comparably low quality BNNTs contaminated with large quantities of difficult to remove micro- 

and nano-structured BN impurities . 

To address the high energy concerns arising from the lengthy ball milling and annealing 

method, a self-propagation high-temperature synthesis (SHS) method was developed using a 

mixture Magnesium (Mg), Boron Oxide (B2O3), and CaB6 heated in a furnace at 750 °C to yield 

a porous precursor. The precursor was heated at 1150 °C under an ammonia and cooled. The 

product was extensively washed in harsh acids, yielding BNNTs . 

Arc Discharge Method 

The first BNNTs experimentally observed were synthesized via plasma arc discharge in 

1995 . The arc discharge method is a method requiring expensive, pure cathode and anode 

materials, offering little control over the synthesis process, and producing small quantities of 

usable BNNTs (generally, BNNTs were only present in the cathode deposits). Here, a pressed h-

BN rod was inserted into a hollow tungsten electrode to form an anode. A pure, rapidly cooled 

copper electrode was used to form an anode. A constant potential drop of 30 V between the 

electrode was maintained during discharge in helium gas, maintained at 650 torr. Temperatures 

inside the chamber exceeded the melting point of tungsten, or 3700 K. N2, NH3 with ZrB2 or 

HFB2 high purity rods have also been used as electrodes, with arcing taking place in a nitrogen 
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gas environment . Loiseau et al., introduced high purity, hot-pressed 10 mm in diameter hafnium 

diboride (HfB2) rods as electrodes. In a nitrogen gas atmosphere, at 700 mbar a stable plasma 

was established during arcing . Here, a thin layer of electrode deposit was noted, as well as the 

apparent melting of the anode during synthesis, indicating temperatures inside the vessel reached 

3650 K. The BNNT was deposited on the electrode, dispersed in ethanol using ultrasonication 

and analyzed via TEM. The few layered BNNTs produced via this arc discharge method 

contained dark, HfB2 nanocrystals that were encapsulated into the tubes, appearing like cages . 

From this work, the authors established that energy expended during synthesis had an impact on 

the tip morphology of the nanotubes, potentially offering an avenue towards control. This 

behavior contrasts with  the random nature seen with carbon nanotubes (CNTs) synthesized via 

CVD methods . More recently, researchers sought to improve the stability of the arcing process 

itself, and to increase the quantity of BNNTs that could be produced per batch . Using boron 

containing trace nickel and cobalt as the electrode and boron or tungsten as the cathode in a 

nitrogen environment, grey BNNTs were found deposited randomly within the chamber. The 

BNNTs produced were low in quality, and contaminated with elemental boron, boron oxide, and 

h-BN. 

Laser Heating/Laser Ablation Methods 

In the past decades, there has been an increase in attention given towards developing and 

improving BNNT synthesis techniques. However, even the current state of the art methods that 

can be used for mass production produce low quality, highly contaminated material while 

methods that can be used to produce small amounts of high quality, high purity BNNTs remain 

expensive, requiring lots of time and energy. Additionally, even these methods, requiring high 

temperatures leave chemically similar h-BN contaminants which are difficult to remove, and 
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induce defects on the tube surfaces. As these challenges remain despite significant advances in 

synthesis techniques in the past years, attention has shifted towards improving and developing 

purification techniques for removing contaminants from as-received BNNTs.  

High Temperature High Pressure Method (HTP) 

Michael Smith et al., developed a successful high temperature method produces gram-

scale quantities of small diameter, few walled, long nanotubes, resembling fibers. Using a 

pressurized vapor/condenser (PVC) method, condensation of seed particles is forced in a plume 

of pure boron vapor held at high ambient pressures. This creates a density difference between hot 

boron vapor (4000 °C) and the surrounding N2 atmosphere, which is held at room temperature.  

This difference in temperature produces a buoyancy force and a narrow vertical plume of boron 

vapor. A cooled metal wire traversing the plume acts as a condenser, leaving boron droplets to 

form nucleation sites. Seconds later, the sites encounter the N2  gas leading to the formation of 

BNNTs . This method has been evolved into a high temperature laser ablation method and 

remains one of the most highly successful techniques for producing high quality BNNTs. 

Solubility, Purification and Dispersion of BNNT 

The main impurities of BNNTs are elemental boron (B), boron oxide (B2O3),  hexagonal 

boron nitride nanoparticles (h-BNs) and nanofibers. Removing elemental boron and boron oxide 

can be sufficiently accomplished by thermal oxidation at 800 °C  and using more refined 

syntheses processes, such as the high-temperature-pressure method (HTP). However, removing 

boron nitride microscale particles, nanoparticles and nanofibers remains a challenge because BN 

impurities are chemically very similar to BNNTs . Purification approaches include polymer 

wrapping, non-covalent functionalization, DNA and peptide mediated isolation, and dispersion 

in aqueous solutions via ionic surfactants. All methods are generally accompanied by some form 
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of sonication, which temporarily swells and stabilizes nanotube samples, although harsh 

sonication to increase the solubility generally damages the tubes.  

Amin, S. Mahmoud et al., presented a mild high-yield method capable of removing >99% 

of h-BN impurities without requiring high temperatures or harsh acids, contrasting with most 

existing methods where damage to the tubes ultimately reduces the yield of purified BNNT 

produced. In this approach, the authors mixed a mass of BNNT with heptane in a pressure tube 

which was heated to 90 °C for 5 hours in an oil bath, then cooled. The BNNTs were separated 

from heptane via decantation and dried under <10 mbar at 250 °C, overnight. The h-BN 

impurities remained suspended in the supernatant, leaving purified BNNTs with their structural 

integrity intact.  

Improved biological compatibility of BNNTs in aqueous solutions is being explored as 

the development of biological applications are sought due to the non-toxic nature of BNNTs. 

One approach by Kode, Venkateswara et al., extensively studied using DNA to purify, wrap, 

individualize and effectively disperse BNNTs uniformly at concentrations as high as 11.5 wt. %. 

The purified DNA-BNNTs were isolated via solvent evaporation, leaving aligned BNNT films 

produced by spontaneous alignment. These films were characterized via SEM. Using DNA 

harnesses the advantages of stabilizing BNNTs by relying on π-π interactions and can be 

employed for use in various solvents including alcohols .  

Solubility 

The solubility of BNNTs and boron nitride containing nanoparticles is an important 

quantification technique for polymer nanocomposite formulation and development. To determine 

a set of suitable solvents for BNNTs, Mutz et al., quantified the solubility limit of BNNTs, 

functionalized BNNTs (FBNNTs) and BN sheets in toluene and THF without the use of 
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surfactants to aid individualization. The authors presented physical observation, UV-vis and χ 

values in conjunction with refractometry are reliable techniques for quantifying the solubility 

behavior or nanoparticle systems. This work presented an early quantifiable picture of the 

behavior of BN materials in solvent systems . It was concluded functionalization of BNNTs with 

stearoyl side groups did not improve the dispersion and solubility when compared with 

unmodified tubes, in contrast with earlier works. It was shown that dimethylformamide (DMF), 

MeOH and acetone could be used to temporarily stabilize h-BN platelets. Conversely, 

McWilliams et al., looked at individualizing and dispersing BNNTs with surfactants. It was 

shown that high molecular weight, nonionic surfactants suspend the highest quantity of BNNTs 

while ionic surfactants removed h-BN impurities. These suspensions were characterized using a 

variety of spectroscopic and photoluminescence techniques. These studies have shown great 

promise for the development of reliable quantification techniques, but for use in polymeric 

systems, the use of surfactants and difficult to remove solvents such as DMF are avoided. 

Individualization of BNNTs using Superacids: Chlorosulfonic acid 

Superacids have been used to individualize BNNTs avoids the use of both surfactants and 

sonication. Moreover, it has been experimentally shown that chlorosulfonic acid acts as a true 

solvent for BNNTs. 99% pure chlorosulfonic acid (CSA) has been shown to individually 

disperse BNNTs. It is theorized that CSA protonates nitrogen atoms, causing BNNTs to have a 

positive net charge. This charge enables a repulsion between tubes. In this process, BNNT is 

mixed with CSA at a concentration of 100 ppm and stirred for 24-48 h. Cryo-TEM imaging was 

used to characterize these BNNT/CSA solutions to support these findings. To remove the CSA, 

the samples are washed with ethyl alcohol and water and vacuum dried at 35 °C for 48 h.
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Wet thermal etching  

The wet thermal etching approach follows the same approach as simply oxidizing 

elemental boron and boron oxide and high temperatures. Wet thermal etching is a scalable, 

selective method that enables large quantities of BNNTs to be purified at one time. Here, as 

synthesized BNNTs are introduced into a wet oxygen environment at (hot water sourced at 90 

°C) to remove elemental boron and hexagonal boron nitride impurities. Pure oxygen or nitrogen 

flows through a tube furnace set to a temperature between 500 and 715 °C. Compared with other 

methods, this method is shown to limit the damage to the BNNT surface. This process was 

shown to be effective at removing contaminants including h-BN nanoparticle impurities at 

temperature exceeding 700 °C. 

Figure 1. Schematic for purification set-up that is used to purify raw BNNTs. Pure 

oxygen/nitrogen flows into the tube furnace (7), heated in a flask (5) to 90 °C. An alumina 

crucible containing BNNT sample is placed within the furnace (7). The furnace (7) is 

plugged with refractory blocks to minimize heat loss, and left at the maximum processing 

temperature for 24 h. 
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Figure Reprinted (adapted) with permission from (Daniel M. Marincel, Mohammed Adnan, 

Junchi Ma, E. Amram Bengio, Mitchell A. Trafford, Olga Kleinerman, Dmitry V. Kosynkin, 

Sang-Hyon Chu, Cheol Park, Samuel J.A. Hocker, Catharine C. Fay, Sivaram Arepalli, Angel A. 

Martí, Yeshayahu Talmon, and Matteo Pasquali Chemistry of Materials 2019 31 (5), 1520-1527 

DOI: 10.1021/acs.chemmater.8b03785). Copyright (2019) American Chemical Society.  

Marincel et al., state,  

“Pure oxygen and/or nitrogen with a controlled flow rate (using flow 

meters 1 and 2) flows into the tube furnace (7) via a source of hot water at 90 °C 

(5) while valve 3 remains open. A bypass valve (4) was used to provide an 

alternative path for dry oxygen or nitrogen to reach the tube furnace. The 

stainless-steel tube (6) between the water bubbler and furnace was heated using a 

heating tape at 90 °C to ensure no loss of steam due to condensation. An alumina 

crucible containing the sample (h-BN, precipitates, or raw BNNTs) was placed at 

the center of the tube furnace (7), which was plugged with refractory blocks on 

both ends to minimize heat loss, for 24 h at the maximum processing temperature. 

The cooled effluent gas was filtered through water (9) and vented to the 

atmosphere (10). An empty flask (8) prevented water from (9) from entering the 

furnace.” 

Gas-Phase Purification 

Cho et al., took a similar approach developing a simple, scalable one-step process for 

purifying BNNTs to 85 wt.% using a vertical flow tube operated under pure or diluted chlorine 

gas flow between 950-1100 °C. This process converts boron and boron nitride platelets into BCl3 

and HCl which can be removed as a gas, leaving pristine BNNTs behind. This process is 

advantageous over other wet chemical processing techniques as the gas-phase byproducts are 

entirely soluble in water . 

Surfactant and Centrifugation Methods 

Ammonium oleate surfactants help improve the stability of BNNTs in solution enabled 

by non-covalent functionalization on the nanotube surface. Yu et al., synthesized BNNTs via a 

ball milling and annealing process. 1 mL oleic acid was mixed with 1 mL concentrated ammonia 
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in 50 mL DI water to prepare the surfactant solution. More recently McWilliams et al., prepared 

1 wt.% aqueous surfactant solutions to evaluate the quality and stability of a variety of 

surfactants for dispersing BNNTs. Surfactants studied include DTAB, CTAC, SDS, Pluronic 

L81, F87 and 17R4. The samples were bath sonicated and centrifuged. Due to the absorbance 

region overlapping between surfactants and the BNNTs, the group developed a method using 

TGA to evaluate the weight corresponding with the surfactant vs the remaining mass of BNNT . 

Tiano et al., used a co-solvent approach to improve the solubility of BNNTs. For this work, more 

favorable solvents such as DMAc, DMF and NMP were paired with poor solvents to improve the 

solubility. BNNTs were suspended in miscible co-solvents were magnetically stirred for up to 96 

hours and bath sonicated to exfoliate the bundled nanotubes .  

Polymer wrapping 

Early research showed solubility of BNNTs could be improved by wrapping with a 

conjugated polymer,poly(m-phenylenevinylene-co-2,5-dioctoxy-p-phenylenevinylene) (PmPV). 

This long chain polymer tends to coil into a helical structure, making it easier for the nanotube to 

wrap the polymer. This enables stronger π-π interactions. These polymer wrapped BNNTs were 

sonicated in chloroform to break up the tightly bundled BNNTs . Velayudham et al., explored 

using conjugated polymers poly(p-phenylene ethynylene)s (PPEs) and polythiophene to non-

covalently functionalize BNNTs, thereby initiating strong π-π stacking between the polymers and 

BNNTs.  

The authors also used organic solvents such as chloroform, methylene chloride and 

tetrahydrofuran (THF) to evaluate the stability. Mutz et al., used a similar procedure to non-

covalently functionalize BNNTs with stearoyl chloride. In these cases, heating the sample to 700 

°C removes the polymer, as evidenced by a change in color from yellow to white, coinciding 
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with complete oxidation (removal) of the polymer and/or solvent. Sang-Woo et al., used 

copolymers with hydrophilic groups Pluronic P85 and F127 were used to wrap BNNTs and 

improve the quality of dispersions of BNNTs in aqueous solutions. Triblock copolymer wrapped 

BNNTs were sonicated for 30 minutes to 1 hour and centrifuged before analysis. Despite the 

promising evidence of dispersion in aqueous solution, the BNNTs were shortened due to the 

ultrasonication. 

Aerogels  

Aerogels are a class of low density solid materials characterized by their large internal 

surface area, high thermal stability, and small pore sizes. Presently, aerogels can be synthesized 

from a wide variety of materials using sol-gel techniques, followed by delicate removal of pore 

fluid via supercritical CO2 extraction. The supercritical CO2 extraction process an important 

development for aerogel development, as it enables liquid to be removed from the pores of the 

gel, replaced with gas in such a way that the particle network does not collapse due to capillary 

forces. The most popular aerogels are silica aerogels, with interest in polymer and polymer/clay 

composites, as well as carbon-based aerogels increasing in recent years. The low density silica 

aerogels we recognize today were realized by S. S. Kistler in 1931, as he tested the hypothesis 

that the pore fluid could be removed from the delicate pore structure of the silica jelly using a 

closed autoclave system to harness a supercritical fluid exchange. It was shown that alcohol 

replaced with supercritical ether could be used for inorganic aerogels and propane was used to 

make organic aerogels. It was shown that if the vapor pressure could be exceeded and the 

temperature remained above critical temperature of the liquid, as the supercritical point is passed, 

the liquid converts directly into a gas, preserving the delicate silica gel’s porous structure,  which 

would not contract due to capillary forces.  
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The sol-gel process is a widely used method for synthesizing silica aerogels. The process 

more broadly refers to a process in which a solution “sol” undergoes a sol-gel transition, wherein 

the solution transitions to a gel, and solvent is removed, leaving a rigid porous mass It is noted 

that in a gel, the liquid within the porous network does not flow out. A one phase solution of a 

precursor, such as silane or metal alkoxides or ceramic oxides in an alcohol and water, in the 

presence of a catalyst, undergoes a sol-gel transition to rigid two phase system consisting of a 

solid (silica) with solvent-filled pores. Further, this process is highly customizable and has been 

used in a variety of ways for aerogel formulation.  

Aerogels can also be made using a variety of organic, cellulose and inorganic polymer 

systems, if polymerization can occur in highly diluted solutions. Organic aerogels have attracted 

significant attention, but due to their lower thermal stability at high temperatures. Conversely, 

inorganic polymer aerogels are high performing polymers with a higher thermal stability and 

high glass transition temperature, making them favorably suited for aerospace insulation 

applications.  

Polyimide Synthesis: Towards Polyimide Aerogels 

Polyimides are prepared from dianhydride and diamine monomers, resulting in a 

repeating imide structural backbone. Polyimides are characterized by their thermal and oxidative 

stability thermally due to the stiff aromatic backbones. The benefit of studying polyimide 

aerogels lies in the fact that the chemistry is well known, with a variety of affordable, widely 

available monomers available for synthesis. Polyimides are often used in aeronautic and 

aerospace applications due to their high thermal and mechanical stability, making them optimal 

for use in harsh environmental conditions. Polyimides are formed via step-growth 

polymerization via condensation reactions or through addition polymerization.. Polyimide 
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aerogel chemistry is unique as the monomers used can be tailored towards enhancing certain 

properties leading to better moisture resistance, flexibility and strength.  

Figure 2. Dianhydride and diamine monomer polymerize into polyimide oligomer (of n 

repeating units), releasing water. 

 

Polyimide aerogel Synthesis: One-step polymerization  

First synthesized in 1908, aromatic polyimide aerogels were synthesized by equimolar 

mixtures of tetracarboxylic acid dianhydride and diamine in the presence of high boiling point 

dipolar aprotic amide solvents to produce completely cyclized polyimides. This synthesis route 

did not take off at first, because of limited processing methods, and insolubility due to the 

backbone rigidity. Due to these complications, a solvent-based route was necessary to process 

polyimides and that was discovered and popularized by DuPont™ in the 1950’s. DuPont 

commercially produced a polyimide film, known as Kapton based on PMDA and 4,4’ 

diaminodiphenyl ether via two-step polymerization. 

Polyimides are characterized by the composition of their main chain, and the interactions 

between the monomers. They can be made through the reaction of aliphatic monomers, yielding 

aliphatic (linear) polyimides, through the reaction of aromatic monomers, yielding aromatic 
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heterocyclic polyimides, or through a combination of aromatic and aliphatic monomers, yielding 

semi-aromatic polyimides.  

Figure 3. Example of a linear polyimide. 

 

Figure 4. Example of a heterocyclic (aromatic) polyimide. These polyimides are formed by 

a reaction of aromatic monomers. 

 

Figure 5. Semi-aromatic polyimide structure. These polyimides are synthesized with one 

aliphatic monomer and one aromatic monomer.  

 

Figure 6. Polyimide is a polymer of imide monomers. 

 

 

 



22 

 

Polyimide Synthesis: Two-step polymerization 

The two-step polymerization popularized the use of polyimides, owing to the ability to 

overcome processing and solubility issues formerly seen with the one-step process. Here, a 

dianhydride is reacted with a diamine in ambient conditions, in a suitable dipolar aprotic solvent 

to yield poly(amic acid) . The most popular solvent for polyimide aerogel synthesis is n-methyl 

2-pyrollidinone (NMP) but other Lewis-base solvents can be used, including N, N-

dimethylformamide (DMF), N, N-dimethylacetamide (DMAc), and tetramethyl urea (TMU). 

Poly(amic) acid is cyclized, to yield a desired polyimide. This method is highly customizable, 

but it has been shown that the structure of the diamine and solvent choice impact the reaction 

rate more significantly than the dianhydride structure, and much research has been conducted to 

study these structure-property relationships. An example of the two-step process, a pyromellitic 

dianhydride (PMDA) monomer is reacted with a p-phenylenediamine dianhydride, forming a 

poly (amic acid). This is followed by the second step where poly (amic acid) is dehydrated under 

vacuum via chemical vapor deposition, forming a polyimide.  

Thermal Imidization of poly(amic acid) 

Thermal imidization is the conversion of the poly(amic acid) to a complete polyimide by 

incremental heating. This route is used for making films or coating forms of polyimides. Poly 

(amic acid) is cast, and heated between 100-350 °C. The heating cycle selection can be altered to 

impact the imidization. The completeness and consistency of this process has been debated. This 

method requires a very concentrated, highly viscous high molecular weight poly (amic acid) 

solution.
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Chemical Imidization of poly(amic acid) 

Conversely, low energy chemical imidization methods, occurring at room temperature to 

yield polyimides and polyimide aerogels have been extensively explored. This method provides 

a low-energy, time saving route to yield completely imidized polyimide polymers. Endrey et al., 

employed dehydrating agents acetic anhydride and a basic catalyst pyridine. The procedure is 

explained as follows: poly(amic) acid film was immersed at room temperature in a benzene 

solution containing the acetic anhydride pyridine mixture. A time later, the polyimide film is 

removed and dried. Endrey explored the use of other conversion catalysts including propionic 

anhydride, n-butyric anhydride and acetic benzoic anhydride. In chemical imidization, the 

reagents treat poly (amic acid) with aliphatic carboxylic acid dianhydrides and a tertiary amine at 

ambient temperatures in a process that can be optimized. The tertiary amine reacts with an 

anhydride, due to its susceptibility to nucleophilic attack. The final polyimide formed is 

insoluble and precipitates out. If imidization is incomplete, polyimide can precipitate out before 

all amic groups have cyclized into an imide. Thermal treatments can be used to complete the 

process. Mary Meador et al.,  and Haiquan Guo et al., showed complete imidization could be 

achieved in solution at polymer concentrations as low as 7 wt. % using a combination of 

diamines and dianhydrides with n repeating units in NMP. Chemical imidization was achieved 

completely at room temperature using acetic anhydride as a water scavenger, catalyzed by 

pyridine. 

Figure 7. Chemical imidization at room temperature schematic including crosslinker. This 

synthesis process is highly customizable, but this follows the general formulation of using 

PMDA and DMBZ as the monomers, crosslinked with BTC. As viscosity begins to increase, 

and the polymerization process begins, the solution can be poured into molds for an aging 
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period of 24 h. After aging, the gels go through a series of solvent exchanges to replace the 

pore fluid (NMP) with acetone. 

 

Crosslinked Polyimide Aerogels 

Polyimide aerogels are highly customizable as the backbone oligomers can be selected 

depending on the properties desired. Like altering the monomers, adding crosslinkers can further 

improve the modulus and flexibility of the otherwise rigid polyimide structure. Finding a 

chemically suitable and affordable crosslinker has been challenging, as most of the early 

crosslinkers successfully incorporated for increasing the properties of polymer aerogels were 
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expensive and not commercially available . Here, 1,3,5-benzene tricarbonyl trichloride (BTC) 

Polyimide aerogel work includes using crosslinkers such as 1,3,5-triaminophenoxybenze (TAB), 

2,4,6-tris(4-aminophenyl) pyridine (TAPP), 1,3,5-tris-(aminophenyl)benzene (TAPB), or 

octa(aminophenoxy) silsesquioxane (OAPS). Unfortunately, these crosslinkers are not 

commercially available or expensive so other alternatives must be established. Mary Meador et 

al., utilized an amine capped oligomer crosslinked with 1,3,5-benzenetricarbonyl trichloride 

(BTC) to synthesize a mechanically strong polymer aerogel. This approach combines various 

properties including low thermal conductivity with excellent mechanical properties as compared 

with silica and polymer-silica aerogels. Although this aerogel proves to be a cost-effective 

alternative, its use is limited due to the hydrophilicity that arises in the fabricated polyimide 

aerogel, due to the hydrophilicity of the carbonyl groups when a BTC crosslinker is added.  

Figure 8. Benzenetricarbonyl trichloride (BTC) was used as a crosslinker to fabricate 

polyimide aerogels. BTC is a cost-effective alternative crosslinker. Fabricating polyimide 

aerogels with BTC gel faster (5-20 minutes, compared with an hour or more) than 

alternatives (TAB or OAPS) and have comparable onset of decomposition. However, 

increased hydrophilicity remains a challenge that isn't overcome by altering the backbone 

structure of the oligomers. 

 

Altering the Backbone Chemistry 

It has been shown that the backbone chemistry has a more significant structure-property 

relationship than the crosslinker, so significant work has been done to develop polyimide 
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aerogels with improved properties based on the backbone chemistry. Haiquan Guo et al., recently 

explored altering the oligomer to reduce shrinkage and moisture uptake by incorporating 1,12-

docyldiamine (DADD) with DMBZ into the diamine and 3,3’4,4’-biphenyltetracarboxylic 

dianhydride crosslinked with 1,3,5-triaminophenoxybenzene (TAB). Here it was shown that 

improvements could be made to the flexibility and moisture resistance at the expense of the 

transparency. 

Table 1. Polyimide oligomers are synthesized using a combination of, but not limited to, the 

following monomers. Dianhydrides frequently used as cited in this dissertation include (top 

to bottom) PMDA, BPDA, and BTDA. Diamines frequently used include (top to bottom) 

aromatic ODA and DMBZ, and aliphatic DADD. Each of these monomers are selected due 

to the specific properties they impart on the resulting aerogels.  

 

Polyimide aerogels are generally yellow to brown and hazy. Stephanie Vivod et al., 

explored making polyimide aerogels more transparent and less yellow by combining 

dianhydrides pyromellitic dianhydride (PMDA) with 4,4’-hexafluoroisopropylidene di(phthalic 
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anhydride) (6FDA) and DMBZ as the diamine crosslinked with BTC. The authors predicted 

adding fluorine atoms or -CF3 groups, weak electron donating groups would suppress the charge 

transfer interactions would thereby reduce the yellowing and improve the transparency of the 

synthesized aerogels. In this study, eighteen batches of polyimide aerogels were selected, the 

polymer concentration varied from 7-10 wt. % altering the concentration of 6FDA in place of 

PMDA. It was found that the formulation containing 25 mol % 6FDA has the highest optical 

transparency, which was attributed to the smaller, more uniform pore distribution. The 

formulation containing 50 mol % 6FDA had a lower optical transparency and a broad pore size 

distribution. The formulation containing 0 mol % 6FDA was intermediate between the two. The 

authors concluded the pore size distribution and surface area may have a bigger impact on the 

optical transparency. Additional work is ongoing to reduce the yellow color of the polyimide 

aerogel. 

BN as Porous Aerogels and as Reinforcement 

It is known that reinforcement such as crosslinking within a polymer network enhances 

structural properties. By reducing the motion of polymer chains, beneficial structural properties 

are enhanced, increasing tensile strength and flexural modulus, and temperature stability.  

Commercially available silica and polyimide aerogels are high surface area and low density, with 

tailorable properties. Aerogel reinforcement has been studied extensively for carbon nanotubes 

(CNTs), but applications are limited due to  the resulting materials being opaque and black . BN 

has been studied as a reinforcement material, and Porous BN aerogels material can be 

synthesized via reacting complexes of boron oxide and amines with nitrogen containing gases, or 

by carbothermic conversion of graphene aerogels via vapor phase reaction. Song, Yangxi et al., 

synthesized BN aerogels using a carbon aerogel template via a template assisted, catalyst-free 
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method ultimately synthesizing an aerogel with a mass density lighter than air (1.225 kg/m³). 

This template assisted method, using a borazine precursor, allows BN aerogels to copy the 

carbon structure and grow on the carbon substrates via template assisted chemical vapor 

deposition (CVD). The resulting BN aerogels are hydrophobic and oleophilic and have a 

continuous 3D network with the desired high specific surface area and low density. These 

properties were shown to be controllable across a large system. Due to their inherent chemical 

and thermal stability, aerogels with a three-dimensional, highly crystalline sp2-bonded B-N have 

also been synthesized via a carbothermic reduction process. A freeze casting process was utilized 

to fabricate non-covalent functionalized boron nitride nanosheets (BNNS) and polymer aerogels. 

Despite these successes, the resulting BN based aerogels remain brittle and rigid, and are 

currently limited to few applications.  

Boron Nitride Nanomaterials as Nanofiller into Polyimide Aerogels 

Polyimide aerogels are a unique group of lightweight, low density solids classified by 

their unique nanoporous structure. The chemical structure, backbone and crosslinker of 

polyimide aerogels can be modified extensively to yield a variety of properties. Polyimides are 

formed by a two-stage, step-growth condensation polymerization of diamines and dianhydrides. 

This forms intermediate poly (amic acid) which is then chemically or thermally imidized. In this 

chapter, a chemical imidization process is used and the entire process is carried out at ambient 

temperatures. Once the gels have aged, the fluid is extracted via a supercritical fluid extraction 

process to produce low density, nanoporous aerogels. Here, unfunctionalized boron nitride 

nanostructures (1µm or <150 nm in diameter h-BN platelets, Sigma Aldrich) and BNNTs 

(BNNT LLC, Newport News, VA) were used as fillers for reinforcement in the synthesis of 

polyimide aerogels. The objective of this research was to study the feasibility of using favorable 
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solvent systems such as NMP, to stabilize the BN materials using liquid processing techniques. 

In this work, we looked for obvious signs of incompatibility such as h-BN/BNNT settling and/or 

incomplete gelation. 

Boron nitride nanomaterials are insoluble in all solvent systems, and like many other 

unfunctionalized nanomaterials, do not remain in suspension for long periods of time. BNNTs 

specifically do not individualize without chemical modification. Instead, due to their strong Van 

der Waals forces, they form large clumps resistant to ultrasonication in non-polar solvents, and 

swell in alcohols. Despite their low solubility, some research has been done to show BNNTs can 

be slightly disaggregated and suspended for short periods of time in polar aprotic solvents such 

as N,N-dimethyl formamide (DMF), N-methyl pyrrolidinone(NMP), and N,N-dimethyl 

acetamide (DMAc). To avoid these challenges, we used ultrasonication to disaggregate h-

BN/BNNTs in NMP before performing polyimide synthesis. We explored direct addition of 

unfunctionalized h-BN and BNNTs, relying on the higher viscosity of the gelation solution to 

“trap” particles in suspension. h-BN/BNNTs were suspended in NMP in desirable concentrations 

to create a stock solution (5 or 10 mgmL-1). This solution is sonicated briefly at low power, (20 

W for 10 minutes, pulsed), and set aside before polyimide aerogels were fabricated.  

Polyimide Aerogels 

This work established that h-BN could be suspended in NMP to yield quasi stable 

colloidal solutions that can be used for created BN incorporated polyimide aerogels. This 

background provides a potential route for future applications wherein functionalized BNNTs can 

be uniformly dispersed at varying concentrations into the polyimide pore structure and backbone 

to improve modulus, increase onset of degradation, and improve thermal properties.  
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Polyimide aerogels were synthesized via chemical imidization in diluted systems to yield 

low density structurally robust materials.  The synthesis procedures were performed at ambient 

temperatures in a ventilated hood; using methods previously reported via Vivod, 2019. These 

methods were modified as necessary and reproduced as follows:  

Mass was measured using an XSE 104 analytical balance rom Daiggler Scientific, Inc., 

and volumetric measurements were taken using an adjustable volume pipettor with a volumetric 

range of 0.5-5.0 mL with an accuracy of 0.5 to 2.0 %. Reactions were performed in glass jars 

using magnetic stir bars until desired viscosity occurred. The viscous fluids were then poured 

into various molds and covered with parafilm, reducing atmospheric exposure to water vapor 

during gelation. Each batch of viscous gels were poured into molds selected for the type of 

analysis being performed. 20 mL syringes were used to create cylindrical samples for chemical 

analysis, 9 mm by 9 mm square molds were used for optical and thermal testing.  

Preparation of Polyimide Aerogel loaded with h-BN  

For polyimide aerogel synthesis, a 10 mL volumetric pipette was used with plastic pipette 

tips supplied by Fisher Scientific. Polyimide aerogel synthesis was conducted in 100 and 200 mL 

glass jars. Large hexagonal stirbars were used to stir the viscous solutions until gelation 

commenced. Gels were poured into silicone molds and left to age. Upon completion of the full 

aging process, the gels were removed from the silicone molds and submerged in solvent, in 

Tupperware vessels large enough to contain 4x the volume of pore solvent. The vessels are 

covered with matching Tupperware lids to keep the solutions air-tight.  

Materials 

Monomers 2’2-dimethylbenzidine (DMBZ), pyromellitic dianhydride (PMDA) and 

crosslinkers 1’3’5- benzene tricarbonyl trichloride (BTC) were purchased from Sigma-Aldrich. 
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Bases Acetic anhydride (AA) and triethylamine (TEA) were purchased from Sigma-Aldrich. 

Hexagonal boron nitride nanoparticles, (h-BN) <150 nm were purchased from Sigma-Aldrich. 

After being exposed to the atmosphere, dianhydrides required vacuum drying at 120 °C for 24 h. 

All other materials listed above were used as received. Unrefined BNNTs were supplied by 

BNNT Materials, LLC (Newport News, VA). 

BNNT Refinement via Thermal Oxidation 

Unfunctionalized boron nitride polymorphs, including oxidized and washed BNNTS 

(OW-BNNTs), as-received purified BNNTS (AR-BNNTs), and h-BN nanoparticles (<150 nm) 

were suspended in NMP via probe sonication. A desired mass of BN nanoparticles were weighed 

and added to a stock solution of NMP. The reaction vessel (~50 mL glass jar) was submerged 

into an ice bath to control temperature for the duration of the sonication. The nanoparticle/NMP 

solution was probe sonicated at 20 W power for 10 minutes, pulsed for 10 seconds on and 5 

seconds off. These nanoparticle/NMP solutions were made to evaluate (1) the changes in 

gelation behavior by adding nanomaterials (2) the aggregation behavior in solution, if obvious to 

the eye. The suspended solution was further diluted to be used as a cosolvent during the 

synthesis of polyimide aerogels. Initially, two nanoparticle/NMP stock solutions were prepared. 

The first solution concentration contained 10 mg/mL h-BN/NMP, and the second stock 

concentration was 10 mg/mL OW-BNNT/NMP. The stock solutions were used to make further 

dilutions at 5 mg/mL for each stock solution. These stock solutions were further diluted into a 

total volume of ~90 mL NMP during the fabrication of polyimide aerogels, to yield polyimide 

aerogels . In this batch of aerogels, 5 formulations were prepared containing 0% BN 

nanoparticles as the control, 0.55 wt. % h-BN nanoparticles, 1.11% h-BN nanoparticles, 0.55wt. 

% OW-BNNTs, and 1.11 wt. % OW-BNNTs in the total polymer.  
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OW-BNNT Preparation 

~100 mg of unrefined BNNT fluff was placed in a ceramic crucible and heated in a 

Thermo Scientific Thermolyne benchtop muffle furnace at 800 °C for 1 h to oxidize 

contaminants, removing unreacted B and boron oxide (B2O3). This leaves a bright white bundle 

of BNNTs. After 1 hour, the oxidized BNNTs are left to cool until the unit reaches ambient 

temperature (25 °C). The oxidized BNNT fluff is then placed into a large glass beaker (500 mL) 

with >400 mL of warm water. A stirbar is placed in the solution which is subsequently covered 

with parafilm and stirred vigorously for 48 h to break up large clumps. The water is replaced 

with >200 mL of EtOH and stirred for an additional 24 h. The oxidized BNNTs are filtered using 

a Buchner set up and rinsed three to five times in DI H2O, and oven dried at 100 °C for 1-2 h to 

remove remaining solvent before use, yielding OW-BNNTs.  

Methods 

Preparation of Polyimide Aerogels, BTC Crosslinks 

A 1,3,5-benzenetricarbonyl trichloride (BTC) crosslinker formulation was used to form 

mechanically strong polyimide aerogels. BTC was selected due to its commercial availability, 

and well established backbone chemistry. We also selected this formulation due to its reliability 

and fast gelation rate as we anticipated solely studying the impact of boron nitride nanomaterials 

on the structure. Here, 2,2’-dimethylbenizidine (DMBZ) was used as the diamine and 

pyromellitic dianhydride (PMDA) was used as the dianhydride to synthesize the polyimide 

oligomers. The oligomers (n=60) were then crosslinked with BTC to form gels. The 

concentration of the total polymer in the gelation solution was held constant at 7 wt. %. 

Repeating units within the oligomer unit was held constant at 60. This formulation was utilized 
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to establish control parameters, with special attention towards chemical and mechanical 

properties.  

While working to evaluate low concentrations of BN nanoparticles in solution to evaluate 

particle stability in solution and optimize on gelation time, polyimide aerogel formulation was 

held constant, and the type of boron nitride nanomaterial and concentration added to the gelation 

solution were altered. H-BN (<150 nm) platelets and oxidized and washed BNNTs (OW-

BNNTs) were. Further qualitative work was done to study particle stability in NMP solutions 

only. 

h-BN and BNNT Suspensions 

To prepare control polyimide aerogels, 7 wt. % polyimide aerogel formulations were 

prepared in varying molds without the addition of BN nanoparticles. To prepare polyimide 

aerogels with h-BN nanofiller, a 5 mg/mL suspension of h-BN in NMP was prepared. To prepare 

a 5 mg/mL suspension of h-BN in NMP, 100 mg of h-BN nanoparticles (<150 nm) were 

weighed and added to 20 mL of NMP. The solution was ultrasonicated at 20 W in a probe tip 

sonicator for 10 minutes (Pulse 10 seconds on / 5 seconds off).The temperature was controlled 

by submerging the reaction vessel in an ice bath. Likewise, a 10 mg/mL suspension of h-BN 

nanoparticles (<150 nm) was prepared, adding 200 mg of h-BN nanoparticles to 20 mL of NMP. 

This solution was likewise ultrasonicated at 20 W using a probe tip sonicator for 10 minutes. 

(Pulse 10 seconds on / 5 seconds off). A 10 mg/mL BNNT suspension was prepared following 

the same manner as above, and further diluted to yield a 5 mg/mL suspension. The h-BN/NMP 

or BNNT/NMP solutions were diluted with a volume of NMP under constant stirring before the 

addition of DMBZ, preceding the polymerization and subsequent gelation procedure. 
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Synthesis/Preparation of Crosslinked Monoliths 

Polyimide aerogels were prepared based on a formation of 100 mol % PMDA, n = 60 and 

a polymer concentration at 7%. DMBZ was used as the diamine and BTC was used as the 

crosslinking monomer. The formation was produced as follows. 3.76 g ( 17.7 mmol) DMBZ was 

dissolved in 80 mL NMP under constant stirring. Once fully dissolved, 3.84 g (17.6 mmol) 

PMDA was added under constant stirring, until fully dissolved. 13.32 mL Acetic anhydride (AA) 

followed by triethylamine (TEA) (2.45 mL) was added and stirred until homogenously mixed. 

The solution is left to mix for 15 minutes. Under constant stirring, a solution containing 0.0512 g 

(0.19 mmol) BTC dissolved in 5 mL NMP was added. Immediately after mixing, the solution is 

poured into molds. Within one hour, the solution will begin to crosslink and form gels. The gels 

are covered and left to age for 24 h before extraction. After the gels are aged, they are extracted 

into 75% acetone in NMP and soaked for 24 hours. This is followed by three 24 h solvent 

exchanges in 100% acetone. The pore fluid is then removed from the gels via supercritical 

solvent extraction. This process includes multiple cycles of soaking and rinsing the gels in 

subcritical and supercritical CO2. This process is extensively documented by Meador et al. 

Supercritical Fluid Extraction 

Supercritical Fluid Extraction is the process by which fluid-filled gels are converted to 

aerogels. This involves multiple cycles of subcritical and supercritical CO2 soaking and rinsing. 

The gels were submerged in acetone in a sealed chamber at 78 bar and 25 °C. The chamber was 

then set to soak for 30 min followed by a subcritical liquid CO2 flush equal to the volume of the 

chamber and repeated four times. Then the temperature in the chamber was ramped to 35 °C to 

reach a supercritical state of CO2 and held for 30 min followed by slow venting (10 g/min) for 



35 

 

approximately 2 h. This is followed by vacuum drying overnight at 75 °C to remove any residual 

acetone.  The Supercritical Fluid Extraction process can be explained as follows.   

Liquid CO2 supercritical fluid extraction (SFE) is performed via a fully automated 

process, using Wonderware software in a multi-chamber high pressure system (Accudyne 

Industries, LLC). All aerogels fabricated and referenced within this dissertation were prepared at 

NASA Glenn Research Center (Cleveland, Ohio). After aerogels are fully exchanged into 

acetone, they are exchanged one more time into fresh acetone, and submerged into a stainless 

steel vessel. The steel vessel is rated for 300 psi/100 ºC. During the first phase of the 

supercritical fluid exchange process, the vessel pressure is increased to 78 bar at ambient 

temperature (~25 ºC) and the acetone is exchanged with liquid CO2, replacing the pore fluid. The 

sealed vessel remains at this temperature and pressure for 30 minutes and drained at a controlled 

rate of 9 g/minute, strictly controlled by the automated software, based upon a specific weight 

corresponding with the full weight required to replace contaminated CO2 with clean CO2. This 

process is cycled four times, to ensure all acetone is removed from the pores of the gel and 

replaced with liquid CO2. The temperature is then increased to 35 ºC and pressure is increased to 

90 bar, above the supercritical point of CO2 (above 73 bar and 32ºC  to convert the liquid CO2 

directly to supercritical CO2 without crossing phase boundaries. The reason for going through 

this extensive process is to avoid building interfacial pressures inside the system that lead to pore 

collapse due to surface tension and capillary forces. When gels are dried at ambient pressures 

and temperatures, the pores collapse within an aerogel, the gel densifies and becomes brittle and 

weak. These densified materials are often characterized as xerogels. Once the supercritical phase 

is reached, while the temperature is maintained the pressure is slowly decreased. The CO2 within 

the vessel and the pores of the aerogel is transitioned to the gas phase. When the process is over, 
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the vessel is opened and the gaseous CO2 within the pores can be exchanged with air, yielding 

aerogels. The nanoporous aerogels are dried in a vacuum oven at 65 ºC to remove any solvent. 

Figure 9. The figure depicts the temperature vs pressure diagram for carbon dioxide. 

Additionally, the supercritical fluid exchange process followed for drying aerogels is 

depicted using the red arrows. (1) liquid CO2 is converted to supercritical fluid by 

increasing the temperature and pressure above the supercritical point, avoiding the phase 

boundaries, and thereby capillary forces. (2) The supercritical fluid is then converted to 

gas, and the pressure is reduced to ambient pressures, temperature is reduced and the 

vessel can be opened, leaving low density, nanoporous aerogels.  
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General Characterization Methods 

Skeletal density of the specimens was measured using 1340 helium pycnometer. 

Scanning Electron Microscopy (SEM) was performed on a Zeiss Auriga field emission 

microscope after sputter coating samples. Fourier Transform Infrared Spectroscopy (FT-IR) was 

conducted using an Agilent FT-IR with a single point ATR detector. Small area X-Ray 

Photoelectron Spectroscopy (XPS) was conducted using the Thermo Scientific Escalab Xi+ with 

an Al kα source (200 µm). 

Table 2. 7 wt. % polyimide aerogel formulation parameters.  

 

Density 

Aerogel density was measured manually in triplicate using calipers, and an average was 

taken over several monoliths made with the same formulation/ loading of nanoparticle. All 

aerogels had an average density ranging from ~.07 -~0.10 g/cm3. 

Spectroscopic Analysis: XPS Measurements 

X-ray photoelectron spectroscopic spectra were collected via an Thermo Scientific 

Escalab Xi+ Microprobe. Survey scans and high resolution surface elemental analysis was 

conducted using a monochromatic Al Kα monochromator with a spot size ranging from 200-500 

µm. Due to the insulating nature of all samples (Polyimide aerogel monoliths and BN powder 

samples) a low-energy electron flood gun was used to compensate for charging at the surface. 
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All samples (polyimide and silica aerogel monoliths and BN nanopowder samples) were adhered 

to carbon tape or double sided copper tape, which was then adhered to the sample holder before 

analysis.  

SEM Measurements 

Scanning electron microscopy (SEM) was conducted on a Zeiss Auriga FIBSEM to 

obtain micrographs of the pore structure of polyimide aerogel samples. The samples were sputter 

coated with a conductive material (gold) in a thin ~10 nm layer and adhered to Lacey carbon 

grids.  

Figure 10. Polyimide aerogels were sputter coated in a thin ~10 nm layer and adhered to 

Lacey carbon grids. The resolution of the micrograph is 200 nm  showing the unique 

nanoporous structure of polyimide aerogels. The pore structure can be altered by varying 

the monomers, their concentration, as well as the crosslinkers. We predict nanoparticles 

can be trapped in the nanosized pores, and various resulting properties can be 

characterized.  
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Figure 11. A representative micrograph of the polyimide aerogel 7 wt % formulation 

synthesized in this dissertation. 
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FT-IR Spectroscopic Measurements 

Fourier Transform Infrared Spectroscopy was used as surface characterization technique 

for boron nitride polymorph samples as well as polyimide aerogels. Measurements were 

conducted on an Agilent Nicolet FT-IR with a single point detector. Powdered samples were 

pressed directly between the crystal and a flat tip for chemical identification of functional 

groups, and characterization of the vibrational and rotational energy modes of the BNNT 

structure. Spectra were collected for all samples from 400-4000 cm-1. Either 20 or 100 scans 

were collected at 1 sensitivity. 

The spectra contain characteristic bands correlated with polyimides. This includes peaks 

at 1367 cm-1(ν C-N, imide), 1719 cm-1 (symmetric ν imide, C=O), 1774 cm-1 (asymmetric ν 
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imide, C=O), and aliphatic C-H stretching vibration correlate with peaks at 2925 and 2854 cm-

1.The peak in the control sample, DMBZ/PMDA at ~2300 cm-1 can be assigned to C-C 

stretching.  

Figure 12. FTIR Spectra of polymer aerogels formulated with a 7 w/w polymer 

concentration, n=60.  

 

Contact Angle Measurements 

Static contact angle measurements were taken using the Sessile drop goniometry 

technique, with water as the probe liquid. The hydrophobic nature of BN nanomaterials was 

expected to increase the contact angle, but due to the low concentration of nanofiller within the 
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pore structure(0.55-1.11 wt %), the hydrophilic nature of the polyimide, (crosslinked with 

hydrophilic BTC,) dominated the hydrophilicity.  

Figure 13. Contact angle measurements. All samples are slightly hydrophilic.  

 
Table 3. Contact angle measurements for polyimide aerogels. Addition of BN 

nanomaterials did not improve hydrophobicity, despite hydrophobic nature of unmodified 

BNNTs. Due to the low concentration added, the polymer backbone composition has a 

greater impact on the properties in these studies.  
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Static Thermogravimetric Analysis  

Static thermogravimetric Analysis (TGA) was investigated in an inert atmosphere using a 

Mettler Toledo TGA. Analysis was conducted on a Q500 TA instrument using 5-100 mg of solid 

under both air and N2, at a controlled heating rate of 5 °C/min. Thermal analysis was measured 

to determine thermal decomposition via weight change of material at increasing temperatures 

from ambient to ~730 °C (Figure 14). The onset of thermal oxidative decomposition for each 

sample was between ~510 -517 °C, as decomposition was primarily dominated by the polyimide 

chemistry. Likewise, all samples were analyzed in an inert N2 atmosphere, showing weight loss 

of 40% for all samples. Char yield (residual weight, including carbon) is determined as 60% 

under nitrogen at 735 °C.  

Figure 14. TGA of polyimide aerogels run in nitrogen, ramp rate 5 °C/minute. This TGA 

curve shows the char yield, as defined here as the mass remaining at 750 ºC to be ~60% for 

all samples. (Note: sample 1.11% h-BN (blue) was conducted from 0-750ºC, so a ~3 C mass 

loss is accounted for in the graph here.) 
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Figure 15. Composite graph of representative TGA curves from the study in an oxidative 

environment, the onset of thermal decomposition for all samples was calculated between 

~515-530 C. The onset of thermal oxidative decomposition is slightly higher for sample. 

This may be due to the presence of boron nitride nanoparticles.  
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Figure 16. Onset of decomposition was quantified as the 5% mass loss was calculated for 

the control sample, 7 wt % DMBZ/PMDA was calculated to be 510 C. 
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Figure 17. Onset of decomposition was quantified as the 5% mass loss was calculated for 

0.55% BNNT incorporated polymer aerogel to be 517 C. 
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Conclusions 

The development of techniques that can be used to incorporate boron nitride 

nanoparticles and nanotubes into polyimide aerogels was presented. H-BN nanoparticles (<150 

nm) and OW-BNNTs were dispersed in NMP via ultrasonication preceding the gelation of 

polyimide aerogels, under constant stirring. The presence of BNNT and h-BN in polyimide 

aerogel’s pore structure was presented, and the resulting polyimide aerogels were characterized 

extensively to understand their properties. Spectroscopic properties of the synthesized aerogels 

were characterized via FT-IR, SEM, and XPS techniques. The contact angle was calculated and 

evaluated via static Sessile drop goniometry to evaluate wettability. This work lays the 
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foundation for future incorporation of BN nanoparticles and BNNTs, where individualization of 

BNNTs via functionalization can be explored, leading to increasing the concentration of BN in 

polyimide aerogels without increasing the mass to improve properties such as heat transfer. 

These methods serve as contributions to the field of integrated low density polymers with a 

fundamental understanding of how to fabricate and characterize BN nanoparticle incorporated 

polyimide aerogels.
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Chapter III Quantification of Hexagonal Boron Nitride Impurities in Boron Nitride Nanotubes 

via FT-IR Spectroscopy 

Reproduced from Ref.  with permission from the Royal Society of Chemistry. Haley Harrison, 

Jason T. Lamb, Kyle S. Nowlin, Andrew J. Guenthner, and Ajit D. Kelkar and Jeffrey R. Alston 

Kamran B. Ghiassi. "Quantification of Hexagonal Boron Nitride Impurities in Boron Nitride 

Nanotubes Via FT-IR Spectroscopy." Nanoscale Advances  (2019). Print.
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Abstract 

Preparation of high-quality boron nitride nanotubes (BNNTs) from commercially 

available stock is critical for the comprehensive experimental study of BNNTs and eventual 

industry adoption. Separation of h-BN and BNNTs is a significant challenge, and equally so, 

quantification of relative h-BN content in mixed samples is a major challenge due to their nearly 

identical properties. This work introduces a simple method of quantifying h-BN content in 

BNNTs based on FT-IR analysis. Quantification of relative h-BN content is demonstrated 

following two effective BNNT enrichment methods, surfactant wrapping and centrifugation, and 

a novel sonication-assisted isovolumetric filtration. Powder XRD analysis and FT-IR spectra of 

enriched samples show clear trends throughout the processes. The relative intensity of the FT-IR 

buckling mode (800 cm-1) in h-BN/BNNT samples appears to be linearly proportional to the total 

h-BN content. We propose and demonstrate that FT-IR peak ratios of the Transverse and 

Buckling modes of h-BN/BNNT samples can be used to calibrate and quantify h-BN content in 

BNNT samples. Using this method, as-received BNNTs can be quantifiably enriched from low 

purity commercial feedstocks, enabling future development and study of BNNTs.  

Background  

Typical composition of commercially available BNNTs is ~50 wt. % BNNTs, ≥20 wt. % 

graphite-like hexagonal boron nitride (h-BN) and amorphous boron and BNH derivatives. High-

temperature oxidation followed by water washing have been demonstrated as a suitable method 

to effectively eliminate amorphous impurities. However, quantifying and separating h-BN from 

BNNTs remains a significant challenge. Quantification of relative h-BN content in mixed h-

BN/BNNT samples is a major challenge due to the nearly identical properties of h-BN and 

BNNTs and often involves laborious use on electron microscopy to assess the sample 
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constitution. In this work, we demonstrate, for the first time, a readily available and practical 

method of quantifying h-BN sheet content in BNNT samples. The technique, based on FT-IR 

analysis, is demonstrated after utilizing two different BNNT enrichment methods, surfactant 

wrapping and centrifugation, and sonication-assisted isovolumetric filtration. Powder XRD 

analysis, electron microscopy and FT-IR spectra of enriched samples show clear h-BN reduction 

trends throughout the processes. Our FT-IR quantification technique combined with any 

enrichment process will enable the use of lower cost, easily accessible commercial BNNT 

sources; which can now be quantifiably enriched for more in-depth study of BNNTs and more 

rapid development of BNNT based technologies. 

Boron nitride nanotubes (BNNTs) exhibit similar properties to carbon nanotubes (CNTs), 

but possess much higher chemical and thermal stability, positioning them as important new 

nanomaterials for future applications in high-temperature composites and components in for use 

in harsh environments. Integrating BNNTs into composite systems designed to withstand 

challenging environments requires that we study nanotube properties, and ultimately their 

surface chemistry; so that BNNTs can be made compatible with those composite matrices. To 

accomplish these studies researchers will need gram-scale quantities of BNNTs of relatively high 

purity. Much like CNTs, BNNTs can be synthesized as a high purity product, but current 

synthesis technology is limited to producing a few milligrams of high purity product per batch. 

The immediate challenge BNNT research faces is the acquisition of sufficient quantities of pure 

material. 

Laboratory-scale synthesis with relatively high BNNT purity is often metal catalyzed, 

and purification involving acid is needed to remove metal impurities. Removal of amorphous 

impurities is commonly achieved by oxidation of the sample at elevated temperatures in H2O or 
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O2 containing atmosphere, which is then removed via solvent wash to dissolve B2O3. This 

procedure is effective for laboratory-scale synthesis methods, which produce relatively pure 

BNNTs where the primary impurities include a low wt. % of metal catalyst and small amounts of 

amorphous BN with a few imperfect BNNTs and h-BN. To produce gram-scale quantities of 

material, commercial producers are using variations of high temperature and high-pressure vapor 

synthesis methods with laser or plasma assistance. While high quantity production in possible, 

these processes are not optimized to the extent of producing highly pure material. The most 

readily available sources, Tekna and BNNT, Llc. offer BNNT feedstock that is less than 50 wt. 

% BNNTs with the remaining composition consisting of hexagonal boron nitride (h-BN) and 

amorphous BNH derivatives. (Figure 18)-Before is a representative image of as-received 

commercial grade BNNTs, highlighting the need for further purification. Because metal catalyst 

is not used to produce these samples, these feedstocks do not require the acid-wash-removal of 

metal catalyst, however a natural byproduct of this BNNT production processes includes large 

amounts of h-BN, which have nearly identical chemical and thermal properties to BNNTs. 

Amorphous and hexagonal BN is the primary contaminant of commercially produced BNNTs 

and due to the chemical composition and property similarities to BNNTs, removal h-BN is a 

major challenge. 

Figure 18. High temperature oxidation of commercially produced BNNTs and h-BN. 

Before: As received BNNTs (AR-BNNTs) After: Oxidized commercial BNNTs (Ox-

BNNTs), AR-BNNTs heated in air at 800 °C for 3 h. Bottom: Thermogravimetric analysis 

of AR-BNNTs (Red) and 98% h-BN (black) heated in air at 10 °C min-1 up to 1000 °C. AR-

BNNTs (Blue) heated in air at 10 °C min-1 up to 800 °C then held for 3 h, followed by a 

thermal cycle down to RT and back to 1000 °C at 10 °C min-1. 
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Removal of Amorphous Impurities 

Large-scale commercial batches of BNNTs can appear grey to light brown in color due to 

the presence of boron and amorphous h-BN material (Figure 18-Before). To identify an 

appropriate oxidation temperature, thermogravimetric analysis (TGA) can be used to observe the 

mass response of the raw material as it is heated in air (Figure 18-Bottom). During heating to 400 

°C, the raw material can lose as much as 10 wt. % volatile mass. With further heating in the 

presence of oxygen amorphous boron oxidizes to B2O3, and if moisture is present B2O3 can 

convert to boric acid. Either process leads to conversion of amorphous material and mass gains 

approaching 130 wt. % of the starting sample. As mass gain plateaus, the amorphous material is 

becoming fully oxidized, until the temperature climbs towards 800 °C, at which point h-BN and 

BNNTs begin to oxidize. A sample in which amorphous material is fully oxidized displays a 

characteristic TGA curve analogous to high purity (98%) h-BN (Figure 18-Bottom). A pure or 

fully oxidized sample shows a characteristic steady mass up to the onset of h-BN and BNNT 

oxidation. Based on TGA analysis, a tube furnace set at 800 °C was used to oxidize large 

quantities of as-received BNNTs (AR-BNNTs). A striking visual transformation occurs (Figure 

18-After) during the oxidation process, changing the AR-BNNTs from grey to a bright white 

material primarily containing oxidized boron species, h-BN and BNNTs (Ox-BNNTs). At the 

start of the oxidation process, the sample is plunged directly into the center of the 800 °C tube 

furnace with an air atmosphere. Rapid oxidation produces the characteristic, however short-lived, 

flash of boron green flame upon insertion indicating the presence of elemental boron. After 

oxidation, the bulk material can be washed with warm water or alcohol using gentle bath 

sonication followed by filtration to effectively dissolve and remove the oxidized material which 

leaves a sample containing h-BN and BNNTs (OW-BNNTs, where OW is oxidized-washed). SI 
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Figure 1 presents full FT-IR spectra (4000 cm-1 to 500 cm-1) of BNNTs at different stages of the 

oxidation process, highlighting the appearance and removal of oxide in the samples. 

(Figure 18) 

BNNT Enrichment 

This study describes two methods for the removal of h-BN for the enrichment of OW-

BNNT samples: sonication-assisted isovolumetric filtration (SAIF), and surfactant wrapping and 

centrifugation followed by high-temperature oxidation. SAIF involves the dispersion of OW-

BNNTs in a mixture of dimethylformamide (DMF) and acetone. DMF-Acetone mixtures have 

been previously demonstrated as having favorable solvent parameters to promote BNNT 

disaggregation and dispersion. A tip-probe ultrasonicator is used to form the initial dispersion 

which is then transferred to the funnel of a vacuum filtration apparatus. Signal from dynamic 

light scattering (DLS) of dispersion filtrate through various pore size membranes was used to 

select a nanopore membrane that selectively passed particles and particle agglomerates with an 

intensity size distribution near 100 nm. For SAIF to be effective, sonic energy is constantly 

supplied to the OW-BNNT dispersion while the permeate passes through the membrane.  

During sonication, the dispersion volume is simultaneously replenished with neat solvent 

from an addition funnel above the filtration apparatus. A detailed diagram of the SAIF apparatus 

is provided in SI Figure 2. Shear forces help prevent BNNT and h-BN agglomeration and 

reaggregation, while the agitation and intense convection produced by the sonication prevents 

caking on the filter membrane. The small pore size of the membrane (~200 nm) in concert with 

the aforementioned dispersion factors creates an environment in which the smaller and lower 

aspect ratio h-BN particles diffuse through the membrane at a high rate while the high aspect 

ratio BNNTs impinge on the membrane and redisperse. Removal of h-BN in this way produces a 
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BNNT rich sample (SAIF-BNNTs) that can be collected directly on the membrane. SAIF 

decreases relative h-BN content as a function of time as smaller particles, h-BN and chopped 

BNNTs, diffuse through the membrane. However, the risk of damaging BNNTs also increases 

with time and is exacerbated in the presence of alcohols and water. 

Surfactant wrapping and centrifugation, or “density gradient separation”, is a more gentle 

and effective purification technique previously demonstrated on carbon nanotubes (CNTs). 

However, for CNTs, the usefulness of the recovered product can be limited due to the difficulty 

of completely removing surfactant from the nanotubes. High thermo-oxidative stability offers 

BNNTs a unique advantage over CNTs for this method and an easy solution to the surfactant 

removal problem. If metal free surfactants are selected, after centrifugation and sample 

collection, one can simply heat (400 - 600 °C) the surfactant-wrapped BNNTs in air to oxidize 

and volatilize the organic material without damaging the BNNTs. During separation, when 

centrifugal force is applied to the OW-BNNT dispersion, differences in surfactant interaction and 

coverage cause differences in buoyancy and will cause BNNTs and h-BN to precipitate from 

dispersion at different rates. Supernatant fractions can then be collected and heated to remove the 

surfactant. Triton X-100 (TX-BNNTs) proved to be the most effective surfactant in this study, 

producing slightly higher BNNT enrichment than dispersions made with Span 20 and Tween 20. 

Quantification of h-BN Content in BNNTs: X-Ray Diffraction of Boron Nitride 

When analyzing BN nanomaterials, distinguishing between BNNTs and h-BN sheets is a 

major challenge. Analogous studies with graphene and CNTs, carbon analogs of h-BN and 

BNNTs, respectively, have been conducted exploring this albeit simpler challenge for carbon 

nanomaterials. Studies employing X-ray diffraction (XRD) show that increased curvature of the 

graphitic plane (graphene → CNT) leads to decreases in the (002) Bragg plane intensity and 
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results in broadening of the full width at half maximum (FWHM) of the peak. This trend is 

attributed to the graphitic plane interlayer spacing and manifests similarly in BN analogs. Figure 

19 shows XRD spectra of high purity (> 98 wt. %) h-BN, AR-BNNTs, Ox-BNNTs, and OW-

BNNTs. The h-BN diffractogram shows the characteristic set of higher angle peaks due to the 

three-dimensional order h-BN. AR-BNNTs show the expected broadening for the (002) 

reflection, indicating a much higher BNNT content (graphitic plane curvature) in the AR- BNNT 

versus h-BN samples. The (002) 2θ for h-BN is 26.45°, compared to 25.06° for as-received 

BNNTs; and the FWHM is 0.865° and 3.206°, respectively. XRD diffractograms obtained for 

TX-BNNTs and SAIF-BNNTs are included in SI Figure 4. All show increasing down-shift of the 

(002) plane and increased broadening, while the Ox-BNNT spectra clearly show the presences of 

B2O3. Crystallization of molten α-B2O3 at ambient pressure is strongly kinetically unfavored 

which will limit the amount of diffraction seen in XRD, however, characteristic peaks are seen 

at 14° and 27°. Narrow, higher angle (002) peaks suggest higher content of h-BN, broader and 

lower angle (002) peaks would suggest increased curvature and increasing three-dimensional 

disorder from higher content BNNTs. 

Figure 19. XRD spectra of as received commercial hexagonal boron nitride (h-BN) and 

commercial boron nitride nanotubes (BNNTs) with oxidation and wash products. h-BN 

peaks near 41°, 43°, 50° and 55° show characteristic 3D ordering.22 Broadening and 

shifting the (002) peak near 26° is a sign of increasing graphitic plane spacing and 

curvature.24 B2O3 is the primary product removed from the oxidized commercial BNNTs 

(Ox-BNNTs) as Wash Recovery. Note* Some cellulose is present due to contamination from 

sample collection on a cellulose filter membrane. Individual intensity axes are not to scale. 
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Quantification of h-BN Content in BNNTS: Fourier Transform Infrared (FT-IR) 

Spectroscopy of BNNTs and h-BN 

FT-IR spectroscopy of boron nitride provides us with the crucial insight into the 

morphology differences of the h-BN and BNNT allotropes, needed to properly quantify h-BN 

content in BNNT samples. Graphene-like BN nanomaterials, with a hexagonal BN network, 

present characteristic structural vibrations in the low-frequency region of an FT-IR spectra. For 

stacked sheets of h-BN, two in-plane optical phonon modes, transverse optical (TO) and 

longitudinal (LO) modes, resonate near 1350 cm-1, and are equal in both the x- and y- axes. 

Buckling of the hexagonal plane also occurs, and these out-of-plane buckling, (R) modes, 

resonate near 800 cm-1. To the best of our knowledge, Chee Huei et al. was first to demonstrate 

experimentally that when highly pure, monodisperse BNNTs are analyzed, the discrete TO and 
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LO in-plane frequencies can emerge. The LO longitudinal vibrations along the axis resonate 

sharply at 1369 cm-1, and a second signal (1545 cm-1) appears for tangential (T) circumferential 

in-plane modes. These T modes should be diameter (curvature) dependent but seem to only be 

visible for highly pure, crystalline BNNTs. More often, for mixed BNNT samples and those with 

higher h-BN content, T and LO peaks broaden and overlap. For simplicity, we refer to the 

broadened, combined peak as TO for this study. 

An early computational study by Wirtz et al. offers a detailed explanation of the Raman 

and IR active modes of h-BN sheets and BNNTs. Ab initio calculations from their work predict a 

diameter dependence of three distinct BNNT radial buckling modes that converge to become the 

h-BN out-of-plane buckling mode at approximately 818 cm-1 as BN tubes becomes more like h-

BN sheets, or more simply, the nanotube diameter approaches infinity (D→∞).  

These combined computational evidence of Wirtz and FT-IR spectra from pure BNNT 

synthesis examples inspired us to look more closely at a previously unnoticed spectral feature. It 

appears that the relative intensity of the out-of-plane versus in-plane transmission (R/TO) for 

pure BNNTs is approximately 95% lower than the equivalent transmissions in pure h-BN. We 

suspect this is due to the strain induced in the BN bonds as the bending radius of the BN plane 

increases from h-BN (planar) to smaller and tubes. Straining the bonds of the h-BN sheet would 

stiffen the out-of-plane buckling modes and reduce translational freedom in the z-axis. 

Translational restriction in the z-axis would drastically limit the change in dipole moment that 

occurs during the buckling stretch, explaining the much lower activity of the absorption and the 

large difference in R/TO ratio observed for pure BNNTs. 
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Figure 20. FTIR Spectra array of AR-BNNT samples that have been “spiked” with 

increasing amounts of nanoscale h-BN. Samples are presented from the lowest h-BN 

concentration (AR-BNNTs) to the highest in the back (pure nanoscale h-BN).  The spectra 

are all normalized to their TO peaks (1350 cm-1) to assist visualization of the increasing 

out-of-plane versus in-plane transmission (R/TO) peak ratio as the concentration of h-GN 

in the sample increases. 

 

Quantification of h-BN Content in BNNTS: Measuring unknown [h-BN] using FT-IR 

Absorbance and Internal Standard (Spiking) 

The dramatic difference in low-frequency absorption of pure h-BN versus pure BNNTs 

provides a convenient indicator to be used as a marker for quantifying h-BN content in mixed h-

BN/BNNT samples. The linear relationship of the out-of-plane (R) mode versus [h-BN] is 

demonstrated by “spiking” AR-BNNTs with known amounts of pure nanoscale h-BN platelets. 

By normalizing the FT-IR absorbance to the TO peak the effect of increasing h-BN content in 

BNNT samples can easily be observed. Figure 20 is a 3-dimensional array of FT-IR spectra 

ranging from unspiked AR- BNNTS to pure h-BN, illustrating the relationship of R/TO peak 
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ratio and h-BN. From the “spiking” technique we also gain the ability to calculate the unknown 

true concentration of h-BN in a BNNT sample. From the concentration/peak ratio relationship 

detailed below in Equations 1 – 6, we can use readily available nanoscale h-BN as an internal 

standard to quantify the amount of h-BN in as-produced BNNTs. Using Equation 5, plotting 

(Rf+S)(mT/m0) versus (mS/m0), the peak ratio versus standard addition is compared showing the 

linear relationship of peak ratio to h-BN content in BNNT samples. From Equation 5 and 

Equation 6 we determined the concentration of h-BN in our as-received material was 0.31 ± 0.02 

mg h-BN per mg AR-BNNTs. The calculated value of h-BN concentration can then be used to 

form a calibration curve that can be used to calculate the h-BN concentration of any BNNT 

sample. Figure 5 and Table 4show the calibration curve generated from the “spiked” standards 

after the initial h-BN concentration was calculated.  From the calibration curve it is clear that FT-

IR R/TO peak ratios can be an effective and straight forward method of quantifying the h-BN 

content of processed samples.  

Table 4. FT-IR Peak Ratios with Calculated h-BN Weight Percent from Figure 5. 
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From Figure 21, we see that as the BNNT samples are enriched from the as-received state 

(AR-BNNTs) towards BNNT samples with less h-BN content (SAIF-BNNTs and TX-BNNTs), 

the R/TO ratio decreases towards the spectra of pristine BNNTs, with [h-BN] of 0.33 and 0.27 

mg h-BN per mg of enriched BNNT sample, respectively.  

Figure 21. Calibration curve generated from “spiked” standards after determination of [h-

BN]i in AR-BNNTs. Black circles represent calibration standards. Green squares represent 

enrichment samples and the Calculated Weight Percent from R/TO peak ratios and based 

on linear best fit (red line) to calibration curve. 

 

Of further note, is the observation that the frequency of the out-of-plane mode increases 

(760 cm-1 to 814 cm-1) as h-BN content is reduced (Figure 3). The FT-IR observations presented 

herein are in agreement with BN nanotube lattice dynamics calculations where the low-
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frequency absorption of the spectrum is due to in-plane and out-of-plane modal coupling, and as 

the sheet rolls into a tube and this characteristic behavior leads to stiffening in the low-frequency 

tube mode and reduction of the change in dipole moment during stretching. Our results and 

observations support the assumption that rolling the h-BN plain into BNNTs stiffens the R mode 

frequency and can explain the reduced intensity of the low frequency absorption of BNNTs 

versus that of h-BN sheets. 

As expected, the measured R/TO ratios are proportional to h-BN weight percent of the 

measured samples. Figure 21 displays the measured R/TO ratios for all the enrichment samples 

from this study and includes the calculated h-BN weight percent. Figure 21 is a plot of the 

enriched samples overlayed on the [h-BN] calibration curve with a slope of 0.890 and intercept 

of 0.028. According to the manufacturer specification, AR-BNNTs are approximately 50 wt. % 

BNNTs and 30 wt. % h-BN, with other amorphous material composing the remaining mass. The 

measured R/TO ratio for AR-BNNTs is 0.36, which by the equation of the calibration curve is 37 

wt. % h-BN content. A slightly higher weight percent (50 wt. % h-BN) for OW-BNNTs is 

calculated which is expected and correlates with the removal of amorphous boron during the 

high-temperature oxidation and washing step. The R/TO ratio and calculation is provided for the 

Ox-BNNT sample; however, it should be noted that the oxide content of the sample produces 

FT-IR absorptions that overlap with the R and TO peaks, making this method unusable for h-BN 

wt. % calculations for samples with high oxide content. The SAIF process and density gradient 

separation appears to have been effective at removing a small quantity of h-BN producing 

enriched BNNT samples of 33 wt. % and 27 wt. % h-BN, respectively.  
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Conclusions 

BNNTs are relatively new nanomaterials with high thermo-oxidative and chemical 

stability, piezoelectric properties, and have a high radiation absorption cross-section. These 

properties, along with near-mechanical equivalence to carbon nanotubes positions BNNTs as an 

important component in advance nanocomposites. However, high purity BNNTs have not yet 

been produced at commercially significant quantities. Until such a time, new techniques to 

prepare and refine lower quality commercially available stock into high-quality BNNTs will be 

critical for the future development of BNNT technologies and for our ability to conduct 

comprehensive experimental studies. While ongoing advances continue to develop and improve 

the synthesis of BNNTs, enrichment methods will continue to be used, and until now a simple 

and reliable method to quantify enrichment has been lacking.  

This work demonstrates a simple method based on “spiking” any unknown BNNT 

sample with standard of high purity h-BN which is inexpensive and readily available. FT-IR is a 

versatile measure technique with a variety of probe and instrument arrangements which could 

possibly allow this measurement technique to be used in situ during synthesis to optimize 

process on the fly. We have shown that via FT-IR absorbance spectroscopy and the measurement 

of R/TO peak ratios can be a simple method to quantify the weight % of h-BN in mixed samples. 

While XRD can also be utilized as a complementary analysis to help distinguish between 

samples with varying degrees of impurities. In the interest of demonstrating the quantification 

several crude BNNT enrichments have been shown.  From these results we see that surfactant 

wrapping with centrifugation and sonication assisted isovolumetric filtration are potentially 

useful methods to enrich low quality commercial BNNT feedstocks. The enrichment methods 

demonstrated herein have not been optimized in any way.  
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Boron nitride nanotubes are a newly available commercially produced nanomaterial that 

offers some exciting qualities and properties that will enable major advancements in composite 

technology. However, commercial production is a nascent synthesis technology, which has not 

yet simultaneously produced both large quantities and high purity BNNTs. At the time of 

publication, several companies have begun offering higher purity BNNTs, enriched through 

proprietary processes before shipment. However even in these cases quantification of h-BN is 

subjective and is accomplished via tedious combinations of TGA, SEM and TEM analysis. It is 

our hope with the reporting of this simple FT-IR based quantification technique we will enable 

both commercial and small research labs to be able to optimize their synthesis and enrichment 

methods, to enable more in-depth studies of BNNTs and more rapid development of BNNT 

based technologies. 

Methods 

Materials 

All materials were purchased and used without further purification. Methanol (99%) and 

dimethyl formamide (DMF) was purchased from Fisher Scientific. AR-BNNTs were supplied by 

BNNT, Llc and BNNano. Boron nitride nano platelets (h-BN, 99%) < 150 nm particle size was 

purchased from Sigma Aldrich. 

Oxidation of as-received Nanomaterials 

88 mg of as-received boron nitride nanotubes (AR-BNNTs) were thermally treated at 800 

°C in a Lindeberg Blue M tube furnace for 3 hours in air atmosphere. AR-BNNTs are initially 

gray in color, and after thermal treatment, the fully-oxidized material (Ox-BNNTs) are bright 

white (Figure 18), gaining 29 mg in mass. The Ox-BNNTs are dispersed in 100 mL of MilliQ 

18.2 MΩ deionized water (DI-H2O) and shaken vigorously by hand to further break up the 
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bundles. The mixture is stirred vigorously overnight to fully dissolve B2O3, followed by vacuum 

filtration through a 0.8 µm pore-size cellulose membrane to separate the remaining BNNTs and 

residual h-BN impurities (OW-BNNTs) from the boron oxide solution.  The solids are washed 

on the filter 3 times with 100 mL aliquots of DI-H2O, then collected and dried under vacuum at 

100 °C for 24 h.  

High-Temperature Oxidation Discussion  

The first step toward purification and enrichment of commercially produced BNNTs is a 

high-temperature oxidation and removal of amorphous material. Oxidation of amorphous boron 

at room temperature is a kinetically hindered process, but at sufficiently high temperatures (> 

600 °C) in oxygen-containing atmosphere, amorphous BxNy will rapidly react with O2(g) to form 

B2O3(s) and release N2(g), depending on the BxNy species. Of particular note, the oxidation 

temperatures used for this study (750 -800 °C) were sufficiently high to ignite the boron within 

the BNNT mass creating a corona of the characteristic green flame emission spectra of elemental 

boron. Boron oxide softens at 325 °C and melts near 450 °C. It has been noted that sample 

weight gain during high-temperature oxidation of boron materials is often significantly lower 

than expected from the reaction   

 

4𝐵𝑁𝑥 + 3𝑂2
         
→  2𝐵2𝑂3 + 2𝑥𝑁2. 

 

B2O3(s) is slowly removed from the oxidized material by slow evaporation of B2O3(l) 

during the oxidation process. This is likely due to a significant vapor pressure of B2O3(l) at 

temperatures approaching 800 °C. After high-temperature oxidation removal is achieved via hot 

water washing, which solubilizes B2O3(s), as seen in the recovery products of the hot water wash. 
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B2O3 is clearly visible in the FT-IR spectra of unwashed oxidized BNNT material and can be 

recovered from the wash water (XRD -Figure 19, FT-IR – Figure SI1). 

Sonication assisted isovolumetric filtration (SAIF) 

OW-BNNTs are added to 50:50 vol% DMF: Acetone (~0.25 mg/mL) and ultrasonicated 

with a ¼” tapered tip probe at 30% amplitude for 10 minutes to disperse the BNNTs. Membrane 

porosity was selected by analysis of dynamic light scattering (DLS) data, comparing intensity 

size distribution of the BNNT dispersion before and after filtration through membranes of 

decreasing pore sizes. PTFE membrane filters with porosity below 0.45 μm produce significantly 

lower intensity size distribution, so membranes with pore sizes below 450 nm are suitable for 

retaining BNNTs. The probe tip is positioned in the dispersion above the filter membrane to 

minimize damage to the membrane during sonication.  The dispersion was continuously 

sonicated during filtration in a pulsing sequence, alternating ON for 10 seconds, OFF for 15 

seconds. Sonication simultaneously maintains BNNT/h-BN disaggregation and provides a forced 

convection current within the funnel body to keep the long aspect ratio BNNTs from caking on 

the membrane surface during filtration.  As the dispersion was sonicated on the filter membrane 

a small pressure differential was produced (ΔP ~ 100 mPa) using a vacuum pump to slowly pull 

filtrate through the membrane at a controlled flow rate.  A neat mixture of 1:1 DMF-Acetone 

was simultaneously added to the supernatant to maintain dispersion volume in the filter funnel. 

During this process, both BNNTs and the remaining h-BN contaminants are well dispersed in the 

solvent mixture and continuously recirculate throughout the funnel body due to the convection 

currents produced by sonication. Mass flow through the membrane is driven by the small 

pressure differential while h-BN selectivity through the filter membrane is based on the 
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combination of pore size selectivity and the large diffusion coefficient difference between high 

aspect ratio BNNTs and the relatively small h-BN particles. 

Surfactant Wrapping  

1 wt. % solutions of the surfactants (Span 20®, Tween 20®, and Triton X100®) in 

deionized water DI-H2O were added to ~100 mg of the oxidized and washed BNNTs (OW-

BNNTs) in a 100 ml: 50 mg solution to OW-BNNTs ratio. They were stirred vigorously 

overnight. The following day, the dispersion was centrifuged at 10 G for 10 minutes. The 

supernatant and solids were collected separately and then dried in a 105 °C oven under nitrogen 

overnight. The resultant viscous liquid supernatant and powdered solids were further heat treated 

in a 400 °C tube furnace under a 20 ml/min air flow to oxidize and volatilize the surfactant and 

leave behind BNNTs.  

Thermal Analysis 

Thermogravimetric analysis (TGA) experiments were carried out on a TA Instruments 

Q5000 TGA under a 20 mL/min flow of air using high temperature rated platinum sample pans. 

Heating rates were at 10 °C/min unless otherwise noted. 

Powder X-ray Diffraction (XRD) 

XRD experiments were performed at room temperature using a Bruker D2 PHASER 

equipped with a Cu-Kα (λ = 1.5418 Å) and a LYNXEYE compound silicon strip detector. 

Samples were prepared by grinding the material into a fine powder form and placed on a poly 

(methyl methacrylate) (PMMA) sample holder. Data acquisition was conducted while rotating 

the sample at 60 rpm, and the pattern was acquired from 5-70° 2θ at 2.0° 2θ per min, with an 

integration step size of 0.02° 2θ. 
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FT-IR “Spiked” Standard Preparation 

Fourier Transform infrared (FT-IR) spectroscopy analysis was performed on a Thermo 

Scientific Nicolet iS50 FT-IR equipped with a MIRacle Diamond stage and a diamond crystal 

window attenuated total reflectance (ATR) accessory. The experiments were performed with 32 

scans at a resolution of 4 cm-1 ranging from 4,000-525 cm-1. An ambient background scan was 

taken before each sample acquisition.  

To determine the unknown concentration of h-BN in as-received BNNTs, standard 

samples were prepared. 125 mg h-BN was dispersed in 50 ml MeOH solution followed by pulsed 

sonication for 20 minutes at 30 W output power from a probe-tip sonicator to disperse the 

material homogeneously and form a stock nano h-BN solution (2.5 mg/ml). 100 mg AR-BNNTs 

were dispersed in 20 ml MeOH solution followed by pulse sonication for 20 minutes at 30 W 

output power to disperse the stock AR-BNNT solution. 10 mL aliquots of the stock AR-BNNT 

solution were distributed into separate vials. Aliquots of increasing volume of the h-BN stock 

dispersion were then added to the AR-BNNT sample vials. The mixed dispersions were tip-probe 

sonicated again for 20 minutes at 30 W output power to homogenize the dispersions. Afterwards, 

the samples were capped loosely and left in a warm oven (~50 °C) to evaporate the methanol and 

leave behind a dry solid AR-BNNT sample “spiked” with a specific amount pure nanoscale h-

BN. FT-IR spectra of the dry samples is then collected (Figure 21).  
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Determination of Unknown h-BN Concentration  

To calculate the unknown concentration of h-BN in the original AR-BNNT sample we 

use the following relationships,  

 

[ℎ𝐵𝑁]𝑓 = [ℎ𝐵𝑁]𝑖 ×
𝑚0

𝑚𝑇
      (1) 

[ℎ𝐵𝑁]𝑆 = 1𝑚𝑔 𝑚𝑔⁄ ×
𝑚𝑆

𝑚𝑇
      (2) 

 

where m0, mS, and mT, are the mass of the AR-BNNTs, mass of “spiked” h-BN, and total mass 

of the sample in the vial, respectively. [h-BN]i is the initial unknown concentration of h-BN in 

the AR-BNNTs, [h-BN]f in the unknown concentration of all h-BN in a “spiked” sample vial 

after standard addition, and [h-BN]S is the known concentration of standard in the “spiked” 

sample. The initial h-BN concentration [h-BN]i in the AR-BNNTs can then be determine by the 

equivalent ratios; 

 

[ℎ𝐵𝑁]𝑖

[ℎ𝐵𝑁]𝑓+[ℎ𝐵𝑁]𝑆
=

𝑅𝑖

𝑅𝑓+𝑆
       (3) 

 

Ri and Rf+S are the initial AR-BNNT R/TO peak ratio and “spiked” ratio, respectively. 

Substituting equations 1 and 2 into equation 3 gives, 

 

[ℎ𝐵𝑁]𝑖

[ℎ𝐵𝑁]𝑖(
𝑚0
𝑚𝑇
)+1𝑚𝑔 𝑚𝑔⁄ (

𝑚𝑆
𝑚𝑇
)
=

𝑅𝑖

𝑅𝑓+𝑆
             (4a) 
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which can be rearranged to  

 

𝑅𝑓+𝑆[ℎ𝐵𝑁]𝑖 = 𝑅𝑖 [[ℎ𝐵𝑁]𝑖 (
𝑚0

𝑚𝑇
) + 1𝑚𝑔 𝑚𝑔⁄ (

𝑚𝑆

𝑚𝑇
)] .  (4b) 

 

Multiplying both sides by,  
𝑚𝑇

𝑚0[ℎ𝐵𝑁]𝑖
 creates the linear form 

 

𝑅𝑓+𝑆 (
𝑚𝑇

𝑚0
) = 𝑅𝑖 +

𝑅𝑖

[ℎ𝐵𝑁]𝑖
(
𝑚𝑆

𝑚0
).        (5) 

 

So, by plotting 𝑅𝑓+𝑆 (
𝑚𝑇

𝑚0
) versus (

𝑚𝑆

𝑚0
) , solving for [h-BN]i is found when y = 0 by; 

 

0 = 𝑅𝑖 +
𝑅𝑖

[ℎ𝐵𝑁]𝑖
(𝑥)       (6a) 

 

so,  [ℎ𝐵𝑁]𝑖 = −(𝑥)       (6b) 

where x is the x-intercept of linear regression fit of the plotted data. Once [h-BN]i is obtained, [h-

BN]f can be calculated for the “spiked” samples. The “spiked” samples, along with data points 

for pure h-BN and the FT-IR data from Chee Huei et al. interpreted as “99% pure BNNTs”, can 

be used to establish a calibration curve of R/TO ratio versus [h-BN]. In this way, [h-BN]i of any 

sample can be calculated from a calibration curve. 
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CHAPTER IV: SONOCHEMICAL FUNCTIONALIZATION OF BORON NITRIDE 

NANOMATERIALS 

Haley B. Harrison, Jeffrey R. Alston 

Abstract 

Boron nitride nanotubes (BNNTs) and hexagonal boron nitride platelets (h-BNs) have 

received considerable attention for aerospace insulation applications due to their exceptional 

chemical and thermal stability. Presently, making BN nanomaterials compatible with polymer 

and composite matrices is challenging.  Due to their inert and highly stable structure, h-BN and 

BNNTs are difficult to covalently functionalize. In this work, we present a novel sonochemical 

technique that enables covalent attachment of fluoroalkoxy substituents to the surface of BN 

nanomaterials in a controlled and metered process. Covalent functionalization is confirmed via 

colloidal stability analysis, FT-IR, and x-ray photoelectron spectroscopy (XPS).
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Background 

BNNTs and h-BN are white, large bandgap (5.5-5.8 eV) semiconducting materials, with 

numerous exciting properties such as superior mechanical strength, high oxidation resistance, 

high thermal conductivity, and neutron shielding capabilities. Improving poor dispersion and 

interfacial quality of nanomaterials are critical to enhancing the functionality of polymer 

composites. Unfortunately, due to the unique structure, and chemical and thermal stability of h-

BN and BNNTs, standard functionalization methods are either insufficient, or too aggressive, 

causing damage to particle structure and properties. New controllable functionalization 

techniques must be explored to advance covalent BNNT surface modification.  

Development of effective covalent and non-covalent surface modification methods have 

proven more challenging compared with graphitic materials due to the strength and stability of 

the B-N covalent bond, and resistance to oxidative treatments. The current hypothesis in the field 

is that controlled functionalization of boron nitride nanomaterials is unachievable due to the 

significant chemical and thermal stability of the B-N bonds. Most functionalization 

methods presented are uncontrolled, require harsh solvents and conditions, and ultimately destroy 

the nanostructure of the materials, eliminating the “nano-derived” benefits. Various approaches 

have been taken to develop functionalized BN nanomaterials with the overall goal being 

increased solubility and improved interfacial qualities between the BN material and composite 

matrices. Both covalent and non-covalent liquid-phase surface modification methods of 

nanomaterials have been developed, but these methods require large amounts of toxic, corrosive, 

or volatile solvents. Less popular, solid-phase methods have been developed to reduce or 

eliminate the need for harsh solvents. Unfortunately, these methods require costly large scale 

production involving thermal treatment, with high-energy radiation or strong mechanical forces.  
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Liquid-phase surface modification methods involving heating, sonication, mechanical 

stirring and separation techniques have been theorized and employed, but controllability and 

customization remain elusive. Radical mediated and reactive oxygen methods have been reported 

for covalent chemical surface functionalization of h-BN. When BNNTs are treated by sonication 

in solutions of aqueous ammonia they sharpen, shorten and unzip producing nanoribbon 

structures. However it has been demonstrated that alcohol can coordinate with a BN bond, and 

once activated, can cleave the BN bond, releasing ammonia. Altering the surface chemistry of 

BN nanoparticles is still in the early research stages and controlling the process to any degree has 

proven to be a challenging task.  

Experimental Details 

Materials 

Perfluorohexane (99%, MW 338.04 g/mol), 2H, 3H-perfluoropentane, (Vertrel XF, 

100%, MW 252.05 g/mol), 1H, 1H, 2H, 2H- Perfluoro-1-octanol (97%, MW 364.1 g/mol) were 

purchased from Sigma Aldrich and used as received.  Hexagonal BN (MW 24.82 g/mol) in the 

form of boron nitride nanopowder (99%, <150 nm per manufacturer), and microscale platelets 

(98%, ~1 µm per manufacturer) was also supplied from Sigma Aldrich. Probe sonication was 

conducted at 26 kHz, with a 200 W Hielschler UP200St ultrasonic homogenizer fitted with a 7 

mm titanium sonotrode. A Thermo Scientific ESCALAB Xi was used for photoelectron 

spectroscopy. An Agilent diamond ATR FT-IR was used for ATR FT-IR spectroscopy. 

XPS spectra were collected using a twin crystal monochromatic Al Kα source (500 µm), 

and a pass energy of 20.0 eV, with a spot size of 200 µm. XPS measurements were conducted on 

dry powdered samples. To prevent charging at the surface, all sample surfaces were probed in 

the presence of a low energy electron flood gun. Thermo Scientific Avantage Data System 
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software was used for the acquisition and processing of the data. Using a smart background, 

atomic percentages were calculated from the absolute peak intensity signal of each element 

detected in the survey spectra of each sample. Elements detected in the survey spectra were 

studied at characteristic binding energies (BE) to assess the intensity (count/second) of each 

signal. Characteristic binding energies were compared with data from the XPS Knowledge 

Database. The fluorine spectra were collected by targeting a binding energy of 688 eV. The 

carbon spectra were collected by targeting a binding energy range of 284-294 eV. ATR FT-IR 

spectra were collected in the wavenumber range of 400-4000 cm-1 using a diamond ATR crystal 

and the spectra are compiled from the average of 20 scans per sample. FT-IR measurements of 

as-received materials were conducted on dry powdered samples at room temperature with no 

further preparation. FT-IR spectra of functionalized samples were collected of dry powder 

samples after being washed and dried, as described in the following section.  

Ultrasonic Processing 

A stand mounted probe ultrasonicator UP200St (26 kHz) from Hielscher Ultrasound 

Technology was used for all experiments. The instrument has the capacity to reach 200 W 

output, but for many of the experiments within the thesis, the optimal energy output was 80 W. 

The ultrasonicator probe tip was changed depending upon the area of the reaction vessel and 

volume of liquid being homogenized. (Figure 22) 

Figure 22. Hielscher probe sonicator is used in the stand mounted procedure with titanium 

and glass probe tip attachments. A chiller loop is hooked up to a jacketed flask, and the 

reaction vessel is submerged inside to manage temperature. The sonication set up is 

contained inside a soundproof box. 
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A series of sonotrodes were evaluated for the completion of this work. Titanium 

sonotrodes of different sizes were used depending upon the task at hand, volume and viscosity of 

liquid being sonicated. For homogenization only, for volumes of 2 mL up to 50 mL, a tapered 3 

mm2, 120 mm length probe tip was used. For homogenizing small volumes of liquids in 

microcentrifuge tubes, a titanium vial tweeter was employed to avoid splashing and loss of 

material. The vial tweeter was partially submerged into a deep (~25 cm depth) sheet of crushed 

ice to control temperature. For sonochemical reactions, either a 39 mm2 or an 154 mm2  titanium, 

bell shaped probe tips were used with for volumes up to 100 mL. For homogenization in viscous 

solvents or strong bases, a glass and titanium 530 mm2, 200 mm long  probe tip was employed 

for volumes up to 100 mL. Ultrasonication was conducted within a soundproof box.  

For experiments requiring low energy sonication, a Branson UltrasonicsTM bath sonicator 

was used. The bath was degassed for 5 minutes before use. Mass was measured using a Mettler 

Toledo digital precision analytical balance as necessary. For solid nanopowders, wax weigh 

paper was used, and the balance was tared before and after each measurement was taken. 

Scoopulas and spatulas were cleaned with ethanol and wiped with a Kimwipe before and after 

each use. Volumetric measurements were taken using 100 uL, 200 uL and 1000 uL pipettes and 

plastic pipette tips, supplied by Fisher Scientific. 

h-BN dispersions in 20 mL scintillation vials were held in a jacketed flask during 

sonication to control the temperature within the reaction vial. A thermocouple in the flask 

constantly monitored the temperature during the reaction, which was maintained at -17 °C ± 3 

°C. The temperature inside the vial was periodically measured. The cold jacketed flask enabled 

relative control of the temperature within the reaction vessel, which remained approximately 15 

°C for the duration of each reaction.  The reflected power of the probe sonicator was controlled 
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between 33 and 85 W. Application of sonic energy was pulsed to control the buildup of waste 

heat with a pulse sequence of 10 seconds on / 30 seconds off. Due to differences in reflected 

power between samples, the energy received by each sample was limited by the total energy 

input into during sonication. (Figure 23) shows the average reflected power for each sample, and 

the difference in total energy received by the different samples, 33000 to 384000 J. After 

sonication, functionalized h-BN was collected via vacuum filtration. The h-BN was washed on 

the filter four times with 40 mL aliquots of Vertrel XF to remove unreacted perfluoroalkyl 

species, followed by excessive washing with MeOH to remove the Vertrel XF. Any residual 

wash solvents were then removed by drying samples in an oven at 100 °C for over 24 hours. 

Figure 23. Experimental Parameters of Samples A through F. Output parameter, Fluorine 

atomic %, measured via X-ray photoelectron spectroscopy (XPS). 

 

Discussion 

In this study, we compare the level of fluoroalkoxy functionalization of sonochemically 

treated h-BN samples. The experimental parameters for each experiment, sample (A-F), are 

outlined in Figure 1. (Figure 24) presents the resulting elemental composition, as determined by 

XPS analysis, of each sample after the received treatment outlined in Figure 1. Sample A was 
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irradiated with a total energy of 384000 J in the presence of PFO (1.6 mg). Samples D and F 

received no sonic energy and were shaken by hand for approximately 2 min. Sample C was 

sonicated at lower power and lower output energy only receiving a total of 33000 J. The purpose 

of increasing the reactant concentration while decreasing total energy received was to assess the 

relative impact of the experimental factors, PFO concentration, and energy input. (Figure 1).  

Figure 24. XPS Atomic % analysis of Samples A-F.  

 

To study the elemental composition of the functionalized samples, x-ray photoelectron 

spectroscopy (XPS) was employed to probe the surface of the powdered samples. Boron nitride 

materials are electrically insulating, which can lead to shifting and distortion of the XPS spectra, 

so a low energy electron flood gun was used to limit charging. Conveniently, BN materials 

should not contain carbon signal in XPS.  Some background carbon is always observed due to 

surface contamination (~285 eV). However, this is clearly discernable from carbon C1s signal 

related to the attachment of fluoroalkoxy groups (Figure 3). For sample A-C, after the 

sonochemical functionalization, corresponding characteristic peaks associated with C-F2 (~292 

eV) and C-F3 (~294 eV) binding energies were observed. These peaks are not visible in sample 

D which was not in the presence of PFO and did not receive sonic irradiation. Similarly, there is 

also no evidence of C-F bond addition for sample F, which was shaken in the presence of PFO 
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without ultrasonic irradiation. Fluoroalkoxy addition is also supported by the presence of a 

fluorine F1s peaks for irradiated samples in the presence of PFO and zero signal for the controls. 

Figure 3 shows the XPS spectra of samples A, C, D, F, which are representative of all the 

samples. Similar results are observed for all sonochemically functionalized h-BN samples. 

The XPS atomic percentages were recorded for all samples (Figure 4). The fluorine 

signal as a confirmation of functionalization is ideal because fluorine is not a natural contaminant 

of h-BN, in the same way the carbon signal could be. Here, the atomic % of fluorine clearly 

increases proportionally with the additional ultrasonic irradiation but does not appear after 

simply combining h-BN and PFO in solution. Fluorine signal is also not present for Sample D 

indicating fluorine does not adhere as a residue from the unreacted alcohol or fluorinated solvent. 

In this way, the F atomic % be can be used as an indicator of fluoroalkoxy attachment to the h-

BN. 

Figure 25. (Top left) XPS carbon spectra. 1 µm functionalized h-BN platelets (Sample C, 

red) versus the control, unfunctionalized h-BN material (Sample D, blue). The C-F2 peak is 

at ~292 eV and the C-F3 peak is at ~294 eV. The carbon peak arising at ~284.1 eV can be 

attributed to the presence of adventitious carbon, and C-C bonds contaminating the 

surface of the material. (Top right) XPS fluorine spectra. 1 µm functionalized h-BN 

platelets (Sample C, red) versus the control, unfunctionalized h-BN material (Sample D, 

blue). The binding energy for fluorine is ~688 eV. (Bottom left) XPS carbon spectra. <150 

nm functionalized h-BN nanopowder (Sample A, blue) versus the control, unfunctionalized 

h-BN nanopowder (Sample F, red). C1s binding energy in the range of 280-299 eV was 

evaluated. The functionalized h-BN binding energy corresponding to the C-F2 group was 

~292 eV. XPS fluorine spectra. <150 nm functionalized h-BN nanopowder (Sample A, red) 
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versus the control, unfunctionalized h-BN nanopowder (Sample F, blue). The binding 

energy for F1s was ~688 eV. 

 

FT-IR analysis, while not as conclusive as XPS, also suggests that C-F bond containing 

moieties were added to the h-BN samples. h-BN materials, both BN sheets and nanotubes, have 

two strong FT-IR signals. h-BN has active FT-IR absorptions for in-plane stretching (1350 cm-1) 

and out of plane bending (800 cm-1). Unfortunately, these strong h-BN absorptions overlap with 

many FT-IR C-F signals and we are controlling functionalization to a low stoichiometric level, 

however by subtracting the spectra of unfunctionalized h-BN from fluoroalkoxy functionalized 

h-BN material we can confirm presence of fluoroalkoxy functional groups. (Figure 26) shows the 
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ATR FT-IR subtracted spectra of unfunctionalized and functionalized h-BN.  After subtraction, 

peaks corresponding to C-F, C-F2, C-F3 stretching and bending modes (~1145, ~1190, ~1250 cm-

1) begin to appear. 

Figure 26. (Left) FT-IR spectra of as-received micron size h-BN (Red) versus 

functionalized h-BN (Blue).  (Right) Unfunctionalized spectra subtracted from the 

functionalized spectra clearly expose -CF2 and -CF3 absorption at 1090-1290 cm¯¹.  

 

Sonochemical functionalization of h-BN fluoroalkyl moieties qualitatively shows 

enhanced particle stability when compared with unfunctionalized particles in fluorinated media 

(Vertrel XF) after ultrasonication. The samples were dispersed using gentle sonication, left 

undisturbed for 72 hours, and photographed. 

Figure 27. h-BN particle dispersion stability is qualitatively assessed by observing stability 

in fluorinated media (Vertrel-XF pictured). (Left) Sonochemical functionalized sample B, 

72 hours after dispersion in Vertrel-XF. (Right) Control (unfunctionalized) sample E, 72 

hours after dispersion in Vertrel-XF. 
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Conclusions 

This work demonstrates that controlled covalent functionalization of h-BN can be 

achieved using ultrasonication. Herein, we use non-aqueous liquid-phase solutions with low 

quantities of fluorinated alcohol as a reactant with h-BN. In this reaction, we believe ultrasonic 

cavitation induces the production of short-lived fluoroalkoxy and hydroxyl radicals. At the same 

time, the cavitation microbubbles created in the solution collapse, which generates enough 

energy to destabilize the B-N bond. This is supported by our results which show increased 

colloidal stabilization of functionalized particles, as well as indicative FT-IR, and elemental 

analysis of fluoroalkyl groups covalently attached at the surface and edges of the h-BN materials. 

We offer a simple alternative to uncontrolled or harsh chemical functionalization of 

hexagonal BN particles. B-N bonds can be destabilized using ultrasonic energy as a result of 

acoustic cavitation., in conjunction with the generation of free radicals. This high powered 

ultrasonication allows the controlled addition of small quantities of reactant for covalent 

attachment of fluoroalkyl groups h-BN nanomaterials. With this method, it will be possible to 

covalently functionalized h-BN and BNNTs in a controllable manner that retains the structure 

and more importantly the properties of the nanoscale boron nitride allotropes. By controlling 
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functionalization to low stoichiometric amounts without damaging structure and properties, the 

demonstrated technique will allow nanoparticle compatibilization in a variety of matrices and 

provide a better chance to improve dispersion and stabilization without damaging the structure.  

Future work will seek to further elucidate the reaction mechanism, apply this 

ultrasonication procedure to purified commercial BNNTs, and expand the range of reactant 

systems to more widely used, less volatile non-aqueous solvent systems for generation of free 

radicals for polymer compatibilization.
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CHAPTER V: INVESTIGATING THE COVALENT FUNCTIONALIZATION OF BORON 

NITRIDE NANOMATERIALS VIA SONOCHEMICAL ALCOHOLYSIS  

Abstract 

Boron nitride nanotubes (BNNTs) are one-dimensional nanostructures with a wide 

bandgap of ~6.0 eV. BNNTs have excellent mechanical, thermal and electronic properties, 

making them uniquely suited for use as structural reinforcement in composites, or for use in a 

variety of electrically insulating materials. Despite their unique properties, successful BNNT 

incorporation into composites and low density polymer materials has been limited due to their 

strong van der Waals intermolecular forces, leading to agglomeration in solution. Furthermore, 

BNNTs high thermo-oxidative stability(exceeding 800 °C) make covalent functionalization 

methods relying on oxidation to activate reactive sites on BNNTs surfaces and edges, coupled 

with the stability of the B-N bond . For BNNTs to be used more widely in advanced composite 

applications, more work needs to be done to improve the compatibility of BNNTs with various 

liquid media through covalent functionalization. Here, we present fluoroalkyl-functionalized 

BNNTs and provide evidence of NH2-functionalized BNNTs using a one-step non-aqueous 

sonochemical approach. Several bifunctional alcohols were investigated that produce short-lived 

-OH· radicals in solution, enabling controlled attachment of small fluoroalkyl molecules 

containing -CF3 and -CF2 groups. Likewise, small aliphatic bifunctional alcohols containing -CH 

and -NH2 moieties were investigated to add -NH2 groups across the B-N bond in small 

concentrations. This approach presents the chemical reactivity of B-N and BNNTs can both be 

made reactive via sonication assisted alcoholysis. This work presents a highly customizable 
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approach for future functionalization, via attachment of larger aliphatic molecules, and 

potentially even molecules containing aromatic functional groups.  

Introduction 

Boron nitride nanotubes (BNNTs) are a unique one dimensional nanostructured material 

analogous to the carbon nanotube (CNT), with a hexagonal B-N network. BNNTs continue to 

receive interest in the scientific community due to the potential for their use in aerospace and 

aeronautical structural applications. Recent advances in synthesis techniques have improved 

access to BNNTs for improving purification and dispersion methods and encouraged the 

development of a variety of BNNT composites. BNNTs are white, optically transparent in the 

visible region, radiation shielding and electrically insulating with a wide band gap approaching 6 

eV. Additionally, BNNTs have exceptional mechanical strength and toughness, with a thermo-

oxidative stable exceeding 800 °C in air. Despite these amazing properties and improvements in 

BNNT availability, development of effectively BNNT incorporated composites and polymers 

has been limited due to the lack of adequate controllable and non-destructive covalent 

functionalization methods and techniques. The thermo-oxidative strength of the B-N covalent 

bond makes many methods successfully applied for covalent functionalization of CNTs 

ineffective. Existing methods rely on employing harsh acids to cleave the B-N bond, which is 

uncontrollable, and leads to significant damage to the BNNT structure, thereby limiting the 

properties. Additionally, BNNTs are insoluble in many solvents relevant for low density polymer 

applications, limiting effective incorporation into polymeric systems where adequate and stable 

dispersion of the nanostructures is required.  

Despite significant progress in developing non-covalent functionalization methods and 

recent progress in showing the effectiveness of superacids for solubilizing BNNTs, development 
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of more controlled, customizable surface functionalization techniques are desired. Developing 

efficient functionalization techniques can improve the stability of BN and BNNT nanomaterials 

in solution and improve the shelf life of stable solutions for use in commercial applications. This 

will enable successful incorporation of BN and BNNT nanostructures into low density polymer 

composites. Enhanced stability in solution and solubility of BNNTs is essential for improving the 

properties of h-BN and BNNT incorporated polymer aerogels, where the high viscosity of the 

polymer solution and long gelation and aging processes lead to aggregation in solution. Further, 

showing successful covalent functionalization has further implications leading to improved 

compatibility between BNNTs and polymer matrices. 

Development of effective covalent and non-covalent surface modification methods have 

proven more challenging compared with graphitic materials due to the strength and stability of 

the B-N covalent bond, and resistance to oxidative treatments. BNNTs are nonreactive due to the 

lack of covalent chemistry available to the empty orbital on the B sites within the tube. Early 

work showed promising results on h-BN materials, by generating oxygen and nitrene free radical 

species via thermolysis, but these methods have not been translated successfully to BNNTs due 

to the destructive nature harsh acids have on the tubes. Although the impressive properties of BN 

nanomaterials are well known, practical composite applications are limited due to high surface 

energy, and the strong tendency to aggregate. It is well known that the poor dispersion and 

interfacial quality of nanomaterials must be improved, it is critical to enhancing the functionality 

of polymer composites.   

Various approaches have been taken to develop functionalized BN nanomaterials with 

the overall goal being increase in solubility and improved interfacial qualities between the BN 

material and composite matrices. The covalent and non-covalent surface modification methods 
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of nanomaterials can be developed in the liquid phase, requiring large amounts of toxic, 

corrosive and volatile solvents. Less popular solid phase methods have been developed to reduce 

or eliminate the need for harsh solvents. Unfortunately, these methods effectuate their own set of 

challenges and limitations: requiring costly large scale production involving thermal treatment, 

and high-energy radiation or strong mechanical forces.  

Enhanced chemical reactivity of BNNTs 

BNNTs have unique chemical properties due to the higher electronegativity of nitrogen 

(3.04) compared with boron (2.04). This leads to asymmetric charge distribution, where the 

valence charges are localized to the N atom. This leads to a weaker delocalization of pi electrons 

in BNNTs, when compared with CNTs which have fully delocalized electron clouds. It has been 

postulated that this weaker delocalization can enhance the reactivity of BNNTs, enabling routes 

towards radical activity that can be used for developing functionalization methods. 

Covalent liquid phase surface modification consists of two steps, oxidation of h-BN, and 

introduction of hydroxyl groups onto the surface. For BNNTs, in this process, BNNTs are 

dispersed in harsh acidic solutions, and sonicated for long periods of time, yielding oxidized 

BNNTs. Liquid phase surface modification methods involving heating, sonication, mechanical 

stirring and separation techniques have been theorized and employed, but controllability and 

customization remain elusive. A simple method for producing chemically functionalized BNNTs 

via strong oxidation and silanization through 3-aminopropyl-triethoxysilane (APTES) has been 

successfully shown to add amino groups onto the surface. Although successful, reliance on 

highly oxidative acids is not desirable and has not been successful for h-BN materials. Reactive 

oxygen and nitrogen and nitrene radical species have been reported for covalent chemical surface 

functionalization of h-BNs. Covalent radical initiated functionalization approaches of boron 
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nitride nanosheets (BNNS) via thermolysis and subsequent hydrolysis using strong reactive 

agents, high temperatures and pressures were used to generate the oxygen radicals. Huang et al 

used an autoclave treatment of BNNTs in water-dimethyl sulfoxide to activate BN bonds through 

coordination for hydrolysis. Previous success with multiwalled carbon nanotubes functionalized 

with APTES led to improved compatibility with polymers in nanotube-based polymer matrix 

composites. In these cases, very little control over functionalization is offered and results are not 

replicated when applied to BNNTs. 

Sonication assisted alcoholysis 

Sonication has been shown to destabilize the B-N bond, attaching hydroxyl groups on the 

edge and surface of h-BN and BNNTs (Figures 24, 25). Sonication assisted exfoliation of h-BN 

has been used to obtain HO-BNNS by directly sonicating bulk h-BN in water without the use of 

additional surfactants. HO-BNNS are partially oxidized in the hydrolysis process, leading to the 

attachment of OH groups in small quantities. BNNTs sharpen, shorten and unzip producing 

BNNRs when BNNTs are treated by sonication in solutions of aqueous ammonia. More recently, 

Sang Woo et al., showed polymer wrapped BNNTs were shortened after probe-tip 

ultrasonication in ethanol and H2O. In this reaction, ammonia coordinated to the B atom as a 

Lewis base, followed by hydrolysis of the BN bond. Sonication of multiwalled BNNTs induces 

alcoholysis, leading to sidewall peeling, producing boron nitride nanoribbons (BNNRs). In these 

cases, low energy bath sonication was employed, for long durations of time (2-50 h). It has been 

presented that alcohols coordinate to a BN bond, are activated, (Figure 28)and another alcohol 

cleaves the BN bond through sonication assisted alcoholysis, releasing ammonia. Another 

method that has been used to exfoliate h-BNs to produce OH-BNNS is ball milling in the 

presence of chemical agents such as NaOH, KOH and urea (Figure 27). Here, shear-force 
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exfoliation is coupled with chemical functionalization to produce -OH radicals. While this 

process is useful for h-BNs, due to the damaging nature of this method it has not translated to use 

for BNNTs. 

Figure 28. Thermolysis induced generation of oxygen or carbon centered radicals in situ 

for covalent functionalization of BNNTs at boron sites. 

 
Figure 29.(a) Schematic depicting two different initiation sites: the "edge" or "surface." 

 

Figure 30. Various routes to hydroxylate raw h-BN sheets.  
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Reprinted with permission from Ren, J., Stagi, L. & Innocenzi, P. Hydroxylated boron nitride 

materials: from structures to functional applications. J Mater Sci 56, 4053–4079 (2021). 

https://doi.org/10.1007/s10853-020-05513-6 CC BY license.  

On BNNT Functionalization 

Boron nitride nanomaterials with a hexagonal lattice structure analogous to that of 

graphene and carbon nanotubes  are relative newcomers in the high performance nanomaterials 

family, having been predicted and synthesized in the mid-1990’s. The bright white hexagonal 

boron nitride allotropes are wide bandgap (~6 eV) insulators and due to their graphite-like 

structure hexagonal boron nitride (h-BN) and boron nitride nanotubes (BNNTs) exhibit similar 

Young’s modulus and shear modulus, 1.8 TPa and 7 GPa, respectively. They also have excellent 

thermal conductivity, which is among the highest of insulating and semiconducting materials, 

recently measured at 751 W/mK for a pristine monolayer at room temperature.  Understandably, 

BNNTs and h-BN are receiving significant attention as high performing fillers and reinforcement 

for use in nanocomposites to improve composite properties. However, It is well known that poor 

dispersion quality and high interfacial energy between nanomaterials and a composite matrix 

must be improved to gain the full benefit and functionality of nanoparticle-polymer composites. 

The bonds of h-BNs and BNNTs are quite stable making them relatively chemically inert and 

also thermally stable in air around 800 °C . Due to the strength and stability of the B-N covalent 

bond, and resistance to oxidative treatments, this has led to challenges in the development of 

effective covalent surface modification methods, which have proven more challenging compared 

to non-covalent methods and chemical examples with graphitic materials like graphene and 

carbon nanotubes.  Although the impressive properties of BN nanomaterials are well known, 

https://doi.org/10.1007/s10853-020-05513-6
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practical composite applications are limited due to high surface energy and the strong tendency 

to aggregate. 

Various approaches have been taken to develop functionalized BN nanomaterials with 

the overall goal being increase in solubility and improved interfacial qualities between the BN 

material and composite matrices. Covalent and non-covalent surface modification methods of 

nanomaterials have been developed in the liquid phase, requiring large amounts of toxic, 

corrosive and volatile solvents. Less popular solid phase methods have been developed to reduce 

or eliminate the need for harsh solvents. Unfortunately, these methods effectuate their own set of 

challenges and limitations: requiring costly large scale production involving thermal treatment, 

and high-energy radiation or strong mechanical forces.  

Covalent liquid phase surface modification consists of two steps, oxidation of h-BN, and 

introduction of hydroxyl groups onto the surface. In this process, BNNTs are dispersed in harsh 

acidic solutions, and sonicated for long periods of time, yielding oxidized BNNTs. Liquid phase 

surface modification methods involving heating, sonication, mechanical stirring and separation 

techniques have been theorized and employed, but controllability and customization remain 

elusive. A simple method for producing chemically functionalized BNNTs via strong oxidation 

and silanization through 3-aminopropyl-triethoxysilane (APTES) has been successfully shown to 

add amino groups onto the surface. Although successful, reliance on highly oxidative acids is not 

desirable and has not been successful for h-BN materials. Reactive oxygen, nitrogen and nitrene 

radical species have been reported for covalent chemical surface functionalization of h-BNs. 

Covalent radical initiated functionalization approaches of boron nitride nanosheets (BNNS) via 

thermolysis and subsequent hydrolysis using strong reactive agents, high temperatures and 

pressures were used to generate the oxygen radicals. Huang et al., used an autoclave treatment of 
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BNNTs in water-dimethyl sulfoxide to activate BN bonds through coordination for hydrolysis. 

Previous success with multiwalled carbon nanotubes functionalized with APTES led to improved 

compatibility with polymers in nanotube-based polymer matrix composites. In these cases, very 

little control over functionalization is offered and results are not replicated when applied to 

BNNTs . 

The use of ultrasonication in aqueous media has been shown to exfoliate h-BN and attach 

hydroxyl groups to the edges, but this behavior is not seen in BNNTs due to the low reactivity of 

the radicals formed in water . Sonication has been shown to destabilize the B-N bond, attaching 

hydroxyl groups on the edge and surface of BNNTs . BNNTs sharpen, shorten and unzip 

producing BNNRs when BNNTs are treated by sonication in solutions of aqueous ammonia . In 

this reaction, ammonia coordinated to the B atom as a Lewis base, followed by hydrolysis of the 

BN bond . Sonication of multiwalled BNNTs induces alcoholysis, leading to sidewall peeling, 

producing boron nitride nanoribbons (BNNRs) . In these cases, low energy bath sonication was 

employed, for long durations of time (2-50 h) . It has been presented that alcohols coordinate to a 

BN bond, are activated, and another alcohol cleaves the BN bond through sonication assisted 

alcoholysis, releasing ammonia. Amine-functionalized BNNTs and amide-functionalized 

BNNTs have been obtained through harsh ammonia plasma treatment at high temperatures. 

Harsh acids have been used to solubilize BNNTs, but likewise, these techniques require harsh 

acids and produce undesirable byproducts. Such methods that have been shown to chemically 

modify the BNNT have also induced significant damage to the tube’s structure, reducing the 

diameter of the tubes, shortening the tubes, leading to corrosion and sidewall peeling . 

Fluorinated composites and polymer systems meet the needs for many high temperature 

applications due to their structural integrity and high resistance to solvents, acids and bases. 
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These composites and polymers can be made multifunctional by exploring addition of covalently 

functionalized h-BN nanoparticles and BNNTs. H-BN and BNNTs are insoluble in fluorinated 

solvents, and their addition into these fluorinated systems remains limited. Previously, we 

demonstrated successful addition of -CF2 and -CF3 groups in small quantities to two h-BN 

polymorphs, (~1 µm , and < 150 nm diameter particles) , begging the question as to whether the 

process would translate to BNNTs. In this study, we experimentally demonstrate h-BN platelets 

and oxidized and washed BNNTs can be covalently functionalized via a controlled sonication 

assisted alcoholysis at ambient pressures in non-aqueous solutions. To effectuate control over the 

process, heat, energy output (J) and time were measured to reduce damage to the BNNT 

structure. 

Covalent Functionalization of BNNTs 

Covalent functionalization is defined as the attachment of chemical moieties to the 

BNNT structure by forming covalent bonds. In a covalent bond, one pair of electrons is shared 

between the BNNT and the chemical moiety. In covalent sidewall functionalization, the goal is 

to improve dispersibility and reactivity of BNNTs. BNNTs are inherently non-reactive and 

hydrophobic. They are insoluble and incompatible with many existing chemical processing 

techniques, leading to aggregation and reduced electrical, mechanical, and thermal properties. 

Improving the reactivity of BNNTs is important for making BNNTs and h-BN nanoparticles 

compatible with polymer and composite materials systems. 

In this paper, we report the use of a controlled, customizable surface functionalization 

technique that does not require harsh acids, damaging mechanical processes, or thermal 

processing methods that destroy the unique BNNT structure. This method provides essentially a 
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one-step, one-pot technique that reduces processing time and improves the solubility and 

stability of BNNTs in solvents.  

Proposed Reaction Scheme 

High energy probe sonication is used to induce alcoholysis reaction, producing reactive 

radical species in solution. This mechanism has been relied upon to exfoliate and hydroxylate h-

BN platelets in water and unzip BNNTs. These radicals are short lived and hard to detect. Here, 

pulsed ultrasonic energy (exceeding 1·105 J) is used to destabilize the B-N bond and add small 

functional groups at the surface edges of the BN polymorph. In the case of BNNTs, there may be 

defects introduced during the synthesis and purification processes that are more reactive via 

ultrasonication. However, harnessing these sites for functionalization limits the potential for 

creating new defect sites, which can damage or limit the electronic properties of BNNT. Here, 

we propose a non-aqueous liquid phase approach. Ultrasonication produces hydroxyl radicals in 

solution that may react directly with existing defect sites to form covalent bonds . Due to the 

high energy output and the heat generated, coupled with the high intensity mechanic force of 

microbubble cavitation process, we predict these defect sites are temporarily destabilized, and 

reactive enough to form covalent bonds.  

Figure 31. h-BN platelets are reacted with perfluorinated bifunctional alcohols in 

decafluoropentane. 
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Figure 32. BNNTs or h-BN nano-sized platelets (<150 nm) are reacted with a bifunctional 

alcohol containing amine moieties in unreacted solvents. In these experiments, the solvents 

primarily used were either glycerol or n-butylamine, yielding amine functionalized h-BN or 

BNNTs. The non-aqueous solution is sonicated at high power (~70-80 W) and the 

temperature is controlled, such that a large amount of energy is created within the reaction 

vessel. This ultrasonication procedure produces short-lived hydroxyl radicals, which reacts 
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with B-N, producing NH2-BNNTs and NH2-h-BN nanoparticles. 

Methods (BN) 

Approach: Boron Nitride Purification 

~1 µm h-BN platelets and <150 nm h-BN nanopowder was purchased from Sigma 

Aldrich and used without further purification. BNNTs were purchased from BNNT Materials, 

LLC. (Newport News, VA) were received in two batches. The first batch of unpurified BNNTs 

were received as a gray puffball and were purified before being used. The unpurified, gray tubes 

were oxidized at 800 °C for 1 h in a Thermo Scientific Thermolyne Muffle Furnace. The 

temperature inside the furnace was allowed to come back to room temperature stepwise, 10 °C 

increments before being removed. Upon removal from the furnace, the ball of oxidized BNNTs 

is bright white. The BNNTs are then transferred into a 1000 mL beaker and stirred for 24-48 h in 



101 

 

warm water (~80 °C). The BNNTs will begin to break up into smaller, swollen chunks. The 

water was then filtered out and the BNNTs are rinsed again for an additional 24 h in 5% ethanol.  

Filtering Protocol 

A 1000 mL borosilicate glass Erlenmeyer flask with one sidearm port was attached to a 

ground glass disc (diameter ~47 mm) and funnel, clamped with an aluminum spring clamp. The 

BNNTs were filtered over Teflon ~30 µm filter papers. The port was hooked up to vacuum filter 

and wash BNNTs. The BNNTs were washed three times in excess DI water, followed by two 

washes in ethanol. After washing, the BNNTs are no longer fluffy and separated, and are caked 

onto the filter. The filter is removed and placed directly into a standard Fisherbrand Isotemp 

heating oven to burn off the solvent for 1-2 h at 100 °C. The oven can come back to room 

temperature before the filter paper/BNNTs are removed. Upon removal from the oven, the 

BNNTs appear as a cracked, dense mat on the filter paper. 20 mL scintillation vials were rinsed 

with ethanol and allowed to air dry before use.  

Temperature Control 

A chiller loop was set to -15 °C for experiments where Vertrel XF and perfluorohexane 

were solvent due to their low boiling point (~70 °C). For solvents with higher boiling points such 

as glycerol and n-butylamine, the chiller loop was set to either -10 ° or -15 °C. A sufficiently 

large vessel was used to submerge at least the bottom half of the 20 mL reaction vessels and 

maintain temperature for the duration of the reaction. The cooling vessel was filled with acetone 

and the experiment can begin when the acetone reaches the desired temperature set by the chiller 

loop.  

Temperature is evaluated and maintained during the reaction by the chiller loop, and an 

additional temperature probe is placed inside the vessel between sonication cycles. The 
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temperature within the reaction vessel itself is controlled to remain under 40 °C, the maximum 

temperature that allows the desired energy output by the ultrasonicator to remain stable. 

Ultrasonication  

A stand mounted probe ultrasonicator UP200St (26 kHz) from Hielscher Ultrasound 

Technology was used for all experiments. The instrument has the capacity to reach 200 W 

output, but for many of the experiments here, the optimal energy output was 80 W. The 

ultrasonicator probe tip was changed depending upon the area of the reaction vessel and volume 

of liquid being homogenized.  

A Hielschler Ultrasound Technology UP200St probe sonicator (200 W, 26 kHz) was 

used for all experiments. The instrument has a capacity to reach a 200 W output, but for many of 

the experiments here, the optimal energy output was 80 W. The sonotrode was removable and 

could be changed depending upon the reaction vessel size, volume, and viscosity of the solvent. 

The ultrasonic homogenizer was fitted with a 7 mm titanium sonotrode, compatible with all 

solvent viscosities, excluding glycerol. For ultrasonication in glycerol, a glass probe tip was used 

due to its higher viscosity.  

Sonotrode Selection 

A series of sonotrodes were evaluated for the completion of this work. Titanium 

sonotrodes of different sizes were used depending upon the task at hand, volume and viscosity of 

liquid being sonicated. For homogenization only, for volumes of 2 mL up to 50 mL, a tapered 3 

mm2, 120 mm length probe tip was used. For homogenizing small volumes of liquids in 

microcentrifuge tubes, a titanium vial tweeter was employed to avoid splashing and loss of 

material. The vial tweeter was partially submerged into a deep (~25 cm depth) sheet of crushed 

ice to control temperature. For sonochemical reactions, either a 39 mm2 or an 154 mm2  titanium, 
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bell shaped probe tips were used with for volumes up to 100 mL. For homogenization in viscous 

solvents or strong bases, a glass and titanium 530 mm2, 200 mm long  probe tip was employed 

for volumes up to 100 mL. Ultrasonication was conducted within a soundproof box.  

Additional Materials 

For experiments requiring low energy sonication, a Branson UltrasonicsTM bath sonicator 

was used. The bath was degassed for 5 minutes before use. Mass was measured using a Mettler 

Toledo digital precision analytical balance as necessary. For solid nanopowders, wax weigh 

paper was used, and the balance was tared before and after each measurement was taken. 

Scoopulas and spatulas were cleaned with ethanol and wiped with a Kimwipe before and after 

each use.  

Volumetric measurements were taken using 100 uL, 200 uL and 1000 uL pipettes and 

plastic pipette tips, supplied by Fisher Scientific. For polyimide aerogel synthesis, a 10 mL 

volumetric pipette was used with plastic pipette tips supplied by Fisher Scientific. Polyimide 

aerogel synthesis was conducted in 100 and 200 mL glass jars. Large hexagonal stirbars were 

used to stir the viscous solutions until gelation commenced. Gels were poured into silicone 

molds and left to age. Upon completion of the full aging process, the gels were removed from the 

silicone molds and submerged in solvent, in Tupperware vessels large enough to contain 4x the 

volume of pore solvent. The vessels are covered with matching Tupperware lids to keep the 

solutions air-tight. 

Reagents 

Reagents perfluorohexane (99%), 2H, 3H-perfluoropentane (99%) (Vertrel XF), Glycerol 

(98%), n-butylamine (99%), 1H, 1H, 2H, 2H- Perfluoro-1-octanol (97%), ethanolamine (99%), 

n-hexadecane (99%), and 3-dimethylamino 1-propanol (99%) were purchased from Sigma 



104 

 

Aldrich and used as received.  Hexagonal BN (h-BN) in the form of boron nitride nanopowder 

(99%, <150 nm), and microscale platelets (98%, ~1 µm) were also supplied from Sigma Aldrich. 

Refined BNNTs (diameter 2-10 nm) were purchased from BNNT Materials, LLC (Newport 

News, LLC) and were used as-received without further purification. 

Preparation of -CF functionalized h-BN and BNNTs 

Vertrel XF (20 mL) was weighed into a 20 mL scintillation vial. BNNT (0.150 g) was 

then weighed and transferred into the vial.  1H, 1H, 2H, 2H- Perfluoro-1-octanol (1 mL) was 

weighed separately and transported into the same vial and capped. The details of the 

experimental methodology has been presented elsewhere and modified as follows. For each 

reaction scheme, a minimum of two samples were prepared. Three control samples were 

prepared for this study for this reaction scheme. Control samples prepared with reactant and were 

shaken gently instead of sonicated. Followed by extensive washing and drying to remove any 

unreacted material. One control sample was prepared without reactant and sonicated. Both 

samples were compared with a third sample, as-received BNNT (AR-BNNT) or <150 nm 

nanoplatelets. All samples were prepared such that the solvent volume (20 mL) and h-BN 

powder mass (150 mg) were held constant. The concentration of the reactant in solution was 

modified to determine whether the increase would lead to an increased reactivity and thereby 

increased functionalization of the nanomaterial. The concentration of the reactant was varied 

from ~.3 mL, and 1 mL, and 3 mL in excess. the volume of 1H, 1H, 2H, 2H-perfluoro-1-octanol 

was increased. The purpose of increasing the reactant concentration in some samples was to 

quantify whether an increase in the reaction concentration led to an increase the production of 

free radicals in the solution, potentially leading to a higher reactivity at the bonding sites at the 

edges and on the surface of the h-BN.  
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Table 5. Sonication energy output calculated in J for each reaction scheme. 

 

Preparation of -NH2 Functionalized h-BNs and BNNTs 

For the addition of -NH groups, reactants were selected due to availability, affordability, 

and ability to disperse BN nanostructures. For this work, bifunctional alcohols ethanolamine and 

3-dimethyl amino 1-propanol were selected. A simple miscibility study was conducted to find 

suitable, nonreactive solvents, with reasonable freezing and boiling points. Due to the low 

temperatures required to control heat generated within the reaction vessel during ultrasonication, 

solvents that freeze above 0 °C were discouraged. Solvents that were immiscible or froze quickly 

include n-hexane (99%), n-hexadecane (99%), and pentane (98%). Compatible solvents selected 

for this work included n-butylamine (99%) and glycerol (99%). Solvent compatibility was also 

studied with h-BN due to the continued limited availability of purified BNNTs.  

On the use of Glycerol: Green Solvent 

There are concerns with using glycerol due to the presence of reactive hydroxyl groups, 

but glycerol has been shown to only be reactive in extremely acidic and basic conditions. The pH 

was measured before, during, and after the reactions to ensure neutrality was contained during 

the duration of the entire reaction. Due to the viscosity of glycerol, a glass (diameter, mm) probe 

tip was used, and a larger diameter mm reaction vessel was used to accommodate the larger 
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probe tip. The volume of solvent was likewise increased, the energy output was set at 80 W, 

pulsed at 3 s on 3 s off sonicated in 10 minute increments. The cycle was repeated 4 times.  

h-BN reacted with excess ethanolamine, in glycerol 

In early experiments, to avoid changing parameters such as surface area of the probe tip 

and scaling up the experimental volume, glycerol was mixed with excess quantities of 

ethanolamine to lower the viscosity. For h-BN and BNNT reactions, four samples were prepared. 

Glycerol (10 mL) was weighed into a ~20 mL scintillation vial. Nanoscale h-BN (<150 nm) 

(0.150 g) was then weighed and transferred directly into the vial. The vial is gently shaken, to 

confirm viscosity is lessened. Ethanolamine (10 mL) was weighed separately and transported 

into the same vial and capped. The reaction vessel is submerged into an acetone bath within the 

chiller loop for the duration of the experiment to limit the temperature reached inside the reaction 

vessel. A second sample was prepared without a solvent, meaning ethanolamine (20 mL) was 

directly reacted with h-BN nanoplatelets (<150 nm) (0.150 g). These two samples were 

compared with two control samples. 1) For the first control sample, glycerol (20 mL) was 

weighed into a 20 mL reaction vessel, and h-BN (150 mg) was added directly to the vial. Direct 

sonication was attempted, but it did not work due to the viscosity of the solution. The h-BN 

remained clumped, floating at the top of the solvent inside the vial. 2) The samples were 

compared with a sample of h-BN nanopowder.  

Control samples were analyzed along with the amine-BNNTs via FT-IR and XPS. All 

samples were prepared such that the solvent volume (20 mL) and nanoscale h-BN mass (0.150 g) 

were held constant. The concentration of the reactant in solution was modified to determine 

whether the increase would lead to an increased reactivity and thereby increased 

functionalization of the nanomaterial, which remains unverified.  
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BNNT reacted with ethanolamine, in glycerol 

Glycerol (40 mL) was weighed into a ~50 mL plastic reaction vessel. A portion of BNNT 

(0.150 g) was then weighed and transferred directly into the vial. The BNNT wetted immediately 

but did not break apart in solution with gentle agitation. Ethanolamine (1-3 mL) was weighed 

separately and transported into the same vial and capped. The reaction vessel is submerged into 

an acetone bath within the chiller loop for the duration of the experiment to limit the temperature 

reached inside the reaction vessel. For each reaction scheme, a minimum of two samples were 

prepared. 1) For the first control sample, glycerol (40 mL) was weighed into a 50 mL reaction 

vessel, and unmodified BNNT (150 mg) was added directly to the vial. The solution was 

ultrasonicated for 40 minutes total at 80 W. The sonicator was set to pulse 3 seconds on / 3 

seconds off in 10 minute increments, totaling 4 cycles. Upon completion of the cycles, the 

BNNT was wetted, but remained in an aggregated ball. 2) For the second control sample, 

glycerol (40 mL) was weighed into a clean ~50 mL reaction vessel. Ethanolamine (1 mL) was 

added followed by 0.150 g BNNT. This vial was shaken vigorously by hand for several minutes. 

The BNNT was likewise wetted but remained densely aggregated in a single ball in the middle of 

the reaction vessel. 3) Both samples were characterized compared with a third sample of as 

received BNNT. These control samples were analyzed along with the amine-BNNTs via FT-IR 

and XPS. All samples were prepared such that the solvent volume (40 mL) and BNNT r mass 

(0.150 g) were held constant. The concentration of the reactant in solution was modified to 

determine whether the increase would lead to an increased reactivity and thereby increased 

functionalization of the nanomaterial, which in this case, also remains unverified.  

BNNT reacted with ethanolamine, in n-butylamine 
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Butylamine (17-20 mL) was weighed into a ~20 mL glass scintillation vial. A portion of 

BNNT (0.150 g) was then weighed and transferred directly into the vial. The BNNT wetted 

immediately but did not break apart in solution with gentle agitation. Ethanolamine (1-3 mL) 

was weighed separately and transported into the same vial and capped. The reaction vessel is 

submerged in acetone within the chiller loop (-15 °C ± 3°C) for the duration of the experiment to 

limit the temperature reached inside the reaction vessel. For each reaction scheme, a minimum of 

two samples were prepared. 1) For the first control sample, n-butylamine (20 mL) was weighed 

into a 20 mL reaction vessel, and unmodified BNNT (150 mg) was added directly to the vial. 

The solution was ultrasonicated for 30 minutes total at 80 W. The sonicator was set to pulse 10 

seconds on / 5 seconds off in 10 minute increments, totaling 3 cycles. Upon completion of the 

cycles, the BNNTs were breaking apart into strips resembling wet paper but remained mostly 

aggregated. 2) For the second control sample, n-butylamine (20 mL) was weighed into a clean 

~20 mL reaction vessel. Ethanolamine (1 mL) was added followed by 0.150 g BNNT. This vial 

was shaken vigorously by hand for several minutes. The BNNT was likewise wetted but 

remained densely aggregated in large chunks suspended in the reaction vessel. 3) Both samples 

were characterized compared with a third sample of as received BNNT. These control samples 

were analyzed along with the amine-BNNTs via FT-IR and XPS. All samples were prepared 

such that the solvent volume (20 mL) and BNNT r mass (0.150 g) were held constant. The 

concentration of the reactant in solution was modified to determine whether the increase would 

lead to an increased reactivity and thereby increased addition of functional groups onto the 

nanomaterial surface, which remains unverified.  

Temperature Control 
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It has been shown that careful control of temperature is required to control the volatility 

of the sonochemical reaction, enabling higher power to be used and longer duration experiments 

to be conducted. To gain control over the temperature and maintain a consistent energy and 

temperature profile across experiments, all samples were submerged in a jacketed flask, aiming 

to control temperature within the reaction vessel. The temperature of the loop was set to -17 °C ± 

3 °C. A thermocouple was placed into the acetone bath to constantly measure the temperature 

outside of the vessel during the reaction. Temperature inside the vessel was periodically 

measured as necessary. Due to the lower volatility of the non-fluorinated solvents, the probe 

sonication pulse time could be altered allowing longer periods of active sonication during each 

cycle. The probe sonicator power was set to 80 W, pulsed for 10 seconds on / 5 seconds off. The 

energy of the sonication was limited to the range between 33000 and 384000 J. After sonication, 

all samples were vacuum filtered, washed with the selected solvent (glycerol, n-butylamine) four 

times, and three times with MeOH. The washed solutions were dried in an oven at 200 °C 

overnight hours to remove unreacted reagents.  

The sonochemical process is governed by many factors, and the production of -OH 

radicals is favored at higher frequencies. Additionally, solvent properties such as vapor pressure, 

viscosity, surface tension and density were noted as cavitation is favored by solvents with higher 

vapor pressure and low density. 

Characterization 

Functionalized h-BNs and BNNTs were characterized by several analytical techniques. 

X-ray photoelectron spectroscopy (XPS) is used to determine the presence of functionalization 

groups. Absorption and Raman spectroscopy are used to verify covalent functionalization. 

Nuclear Magnetic Resonance spectroscopy (NMR) was used Imaging techniques such as 
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scanning electron microscopy (SEM) and transmission electron microscopy (TEM) are used to 

determine the lengths of the nanotubes and presence of aggregates. A Thermo Scientific 

ESCALAB Xi was used for photoelectron spectroscopy (XPS). An Agilent diamond ATR FT-IR 

was used for ATR FT-IR spectroscopy. 

X ray Photoelectron Spectroscopy  

XPS spectra were collected using a monochromatic Al source (200-500 µm), and a pass 

energy of 20.0 eV, with a spot size of 100-200 µm. XPS measurements were conducted on dry 

powdered samples in the case of h-BN nanomaterials. XPS measurements were conducted on 

~1x1 mm area of a washed/oven dried BNNT mat. To prevent charging at the surface, all sample 

surfaces were probed in the presence of a low energy electron flood gun. Atomic percent is 

calculated from XPS survey spectra conducted on each sample, and elements detected were 

studied at characteristic binding energies (BE) to quantity the presence of functional groups. The 

fluorine spectra was collected by targeting a binding energy of ~688 eV. The carbon spectra was 

collected by targeted a binding energy of ~285 eV, nitrogen spectra was collected by targeting 

~400 eV, boron spectra was collected by targeting ~187 eV, and oxygen spectra was collected by 

targeting ~530 eV. Peak fitting was conducted using OriginPro 2021 fit with Gaussian functions 

on C1s, F1s or N1s high resolution spectra as necessary.  

Atomic percentage (%) is calculated using the Avantage Xi software using different 

parameters. The first is based on the Full Width Half Maximum (FWHM) and the second is 

based on the Peak to Peak (PP), where the height is calculated as the difference between the 

maximum and minimum intensity within the specified elemental range. For this work, the atomic 

% referenced is based upon the FWHM calculation. 
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The atomic % is calculated to quantify the percentage of each element detected in the 

survey spectra. For the addition of fluorine groups, this is sufficient, but these techniques can be 

enhanced by evaluating the ratio of elements can be used to quantify the elemental composition 

differences between unfunctionalized samples and functionalized samples. This can be compared 

with a ratio of 1.18 for pristine BNNTs.  

Fourier Transform Infrared Spectroscopy (FT-IR) 

ATR FT-IR spectra were collected using a diamond ATR crystal from 400-4000cm-1. 20 

scans were taken for each sample. In the case of detecting amine moieties, 100 scans were taken 

for each sample. FT-IR measurements were conducted on dry powdered samples with no further 

preparation. Samples were pressed directly onto the ATR crystal with a flat top to improve 

contact between the sample and the crystal surface. FT-IR was carried out on BNNT mats after 

washing, filtration and drying to remove unreacted reagents.  

Preliminary evaluation of the AR-BNNT materials in our repository was conducted to 

establish the purity of the sample, as well as evaluate the type of impurities present. Figure 29 

shows FT-IR spectra of BNNTs after thermal oxidation and washing. The absence of B2O3 peaks 

and -OH peaks (~3200 cm -1) confirms the oxidation and washing process successfully removed 

B, boron oxide contaminants and adequately removed solvent. BNNT has characteristic peaks at 

1343 cm-1 and 789 cm-1, corresponding with the radial breathing and transverse optical modes of 

BNNTs. An absorption band at 3424 cm-1 corresponds with the broad N-H bonds we want to see 

on the surface of functionalized BNNTs.  

Figure 33. FT-IR was used to identify the presence of aliphatic C-N groups attached to the 

BNNT surface. Characteristic peaks are identified at between ~1020-1250 cm-1, which can 

be attributed to the small molecule attachment. Also shown here are the transverse optical 
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and longitudinal modes (~1350 cm-1) and the out of plane buckling corresponding to the 

radial mode( ~800 cm-1.) 

 

Figure 34. BNNT has characteristic peaks at 1343 cm-1 and 789 cm-1, corresponding with 

the radial breathing and transverse optical modes of BNNTs. 
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Dispersity Analysis 

Colloids are suspensions of solid particles usually dispersed in a liquid media. This 

suspension is affected by interfacial forces such as van der Waals and electrostatic repulsive 

forces which exist between the particles.  

To take preliminary evaluations of dispersion quality in different solvents, vials that have 

been standing for 48 hours can be evaluated side by side following ultrasonic treatment. It is 

readily obvious that successfully functionalized amine-hBN samples produce a more stable 

dispersion when compared with nonfunctionalized samples. In Figure 36, vial 1 (Right) shows n-

hexane was used to produce NH2- functionalized h-BN, producing a quasi-stable dispersion. Vial 
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2 (Left) shows h-BN dispersed in the solvent directly (n-hexane), the h-BN remains 

unfunctionalized, quickly crashing out of solution.  

Figure 35. 150 mg h-BN platelets in solvent. (left) unfunctionalized (right) functionalized. 

Amine Functionalized h-BN and BNNTs: UV/Visible Spectrophotometry (in NMP) 

 

Functionalized BNNT (2 mg) was filtered and washed and suspended in N-methyl-2-

pyrollidone (NMP) (5 mL) ultrasonicated at low power (20 W) for 10 minutes, pulsed at 10 

seconds on / 3 seconds off intervals. The sample was left to stand and observed. There were no 

visible chunks of swelled BNNTs in the solution immediately following ultrasonication. This 

sample was compared with a sample of unfunctionalized BNNTs (AR-BNNTs) undergoing the 

same treatment, and likewise observed. All samples were left to sit for 48 h, upon which the 

dispersion quality is evaluated. In the figure, it is evident that in the AR-BNNT suspension, there 

remains a mass of BNNT aggregates floating in the solution.  
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Figure 36. Suspensions of (left) amine-functionalized BNNTs in NMP, (right) 

unfunctionalized BNNTs after brief sonication. 

 

Table 6. Control sample (Top) was ultrasonication in glycerol, washed and dried. BNNTs 

were reacted with ethanolamine in glycerol to attach -NH2 moieties to the edges and 

surface of BNNTs. The dried BNNTs were characterized via XPS, and elemental analysis 

was conducted to determine the composition of the materials. The B/N ratio was also 

calculated for reference. For a standard as-received BNNT sample, the ratio is 1.08, for 

NH2-BNNTs, the ratio is 0.86. 
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Table 7. Atomic % composition of AR-BNNT (Top) and CFx-BNNT (Bottom). Confirms 

attachment of fluoroalkyl groups to BNNT surface. 
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Figure 37. High resolution C1s spectra of BNNT and NH-BNNT 
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Figure 38. N1s high resolution spectra of NH-BNNT compared with BNNT. 

 

Figure 39. High resolution spectra valence region BNNT compared with NH-BNNT, 

highlighting the C2s bonding of surface BNNT(~18.1 eV). 
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Figure 40. O1s high resolution spectra BNNT compared with NH-BNNT. 
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Discussion and Conclusions 

Controllable BNNT functionalization methods are essential for improving the solubility 

and processability of BNNTs. Despite the significant challenges to altering the BNNT structure 

without inducing severe damage, significant strides continue to be made with these goals in 

mind. This dissertation presents an investigation into fundamental methods for purification and 

identifying h-BN impurities in BNNT commercial samples. With this dissertation, I also sought 

to answer whether sonochemical methods could be used to alter the surface of BNNTs via 

covalent functionalization, and in this dissertation, I investigated successful covalent 

functionalization using several functional groups. Additionally, we demonstrate the feasibility of 

expanding the use of sonication assisted alcoholysis from h-BN to BNNTs through the addition 

of small fluoroalkoxy and amine moieties across the BN bond in small concentrations. We 

present a mechanism for this reaction, and show increased stability of BNNTs in compatible 

solvents, such a NMP which can be important for improving the performance of future advanced 

composite and polymer applications.
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