
Cleveland State University Cleveland State University 

EngagedScholarship@CSU EngagedScholarship@CSU 

ETD Archive 

Spring 1-1-2021 

Dispersion, Self-assembly, And Rheological Characterization of Dispersion, Self-assembly, And Rheological Characterization of 

Dna-complexed Boron Nitride Nanosystems Dna-complexed Boron Nitride Nanosystems 

Venkateswara Rao Kode 
Cleveland State University 

Follow this and additional works at: https://engagedscholarship.csuohio.edu/etdarchive 

How does access to this work benefit you? Let us know! How does access to this work benefit you? Let us know! 

Recommended Citation Recommended Citation 
Kode, Venkateswara Rao, "Dispersion, Self-assembly, And Rheological Characterization of Dna-complexed 
Boron Nitride Nanosystems" (2021). ETD Archive. 1257. 
https://engagedscholarship.csuohio.edu/etdarchive/1257 

This Dissertation is brought to you for free and open access by EngagedScholarship@CSU. It has been accepted 
for inclusion in ETD Archive by an authorized administrator of EngagedScholarship@CSU. For more information, 
please contact library.es@csuohio.edu. 

https://engagedscholarship.csuohio.edu/
https://engagedscholarship.csuohio.edu/etdarchive
https://engagedscholarship.csuohio.edu/etdarchive?utm_source=engagedscholarship.csuohio.edu%2Fetdarchive%2F1257&utm_medium=PDF&utm_campaign=PDFCoverPages
http://library.csuohio.edu/engaged/
https://engagedscholarship.csuohio.edu/etdarchive/1257?utm_source=engagedscholarship.csuohio.edu%2Fetdarchive%2F1257&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:library.es@csuohio.edu


DISPERSION, SELF-ASSEMBLY, AND RHEOLOGICAL CHARACTERIZATION

OF DNA-COMPLEXED BORON NITRIDE NANOSYSTEMS

VENKATESWARA RAO KODE

Bachelor of Technology in Chemical Engineering 

Jawaharlal Nehru Technological University

May 2015

Master of Science in Chemical Engineering

Cleveland State University

May 2017

Submitted in partial fulfillment of requirements for the degree

DOCTOR OF PHILOSOPHY IN CHEMICAL ENGINEERING

at the

CLEVELAND STATE UNIVERSITY

MAY 2021



We hereby approve this dissertation for

VENKATESWARA RAO KODE

Candidate for the Doctor of Philosophy in Chemical Engineering degree for the

Department of Chemical and Biomedical Engineering

and the CLEVELAND STATE UNIVERSITY’S

College of Graduate Studies by

Dissertation Committee Chairperson, Geyou Ao, Ph.D.

Chemical and Biomedical Engineering, 05/08/2021

Dissertation Committee Member, Christopher L. Wirth, Ph.D.

Chemical and Biomedical Engineering, 05/08/2021

Dissertation Committee Member, Orhan Talu, Ph.D.

Chemical and Biomedical Engineering, 05/08/2021

Dissertation Committee Member, Chandra Kothapalli, Ph.D.

Chemical and Biomedical Engineering, 05/08/2021

Dissertation Committee Member, Petru S. Fodor, Ph.D.

Department of Physics, 05/08/2021

Date of Defense: April 21, 2021



ACKNOWLEDGEMENT

I take this opportunity to express my deepest and sincere indebtedness to my 

advisor Dr. Geyou Ao, a source of constant motivation, for her mentorship and support 

throughout these years. Once again, thank you very much Dr. Ao, for believing in me and 

giving the opportunity to work in the lab, which has been the most rewarding and 

unforgettable journey in my life. I would like to thank the committee members: Dr. 

Christopher Wirth, Dr. Orhan Talu, Dr. Chandra Kothapalli, Dr. Petru Fodor for their 

collaborations, valuable suggestions, and feedback.

I would like to thank Rebecca Laird, Darlene Montgomery, Miroslav Bogdanovski, 

Dave Epperly and Karen Jackson for their assistance along the way.

My special thanks to my parents and family members for their love, sacrifices, and 

tremendous encouragement in advancing my education. I wanted to sincerely thank my 

elder brothers Narendra Kode and Sreekanth Tummala for their unconditional support.

To my best friends and colleagues, specifically, Dr. Aidin Rashidi, Dr. Gautam 

Mahajan, Harsha Nuthalapati, Selwin Varghese, Fjorela, Jiarui Yan, Michael Cantwell, 

Jacob Vitale, Michael Thompson, Jamil Jamal, Ana Dilillo, Rushik Bandodkar, Bindu 

Gandra, Anjana, Chennupati Vamsi, Ram Sekhar, Dr. Gude, Phanita Mannava, Aneesha 

Avasthi, Anand Tummala, Aravind Kommineni, Sai Mamillapalli, Naveen Morampudi, 

Satwic Mudigulam, a big thank you guys for making this journey a great learning yet so 

much enjoyable at Cleveland State and being with me in my life.

This work would not have been possible without the generous financial support 

from Cleveland State University Faculty Research and Development Award, TeCK fund, 

and Graduate Student Research Award. I wanted to acknowledge the Office of Research, 



College of Graduate Studies and Robert W. Lyczkowski for recognizing my research 

efforts at CSU.



DISPERSION, SELF-ASSEMBLY, AND RHEOLOGICAL CHARACTERIZATION 

OF DNA-COMPLEXED BORON NITRIDE NANOSYSTEMS

VENKATESWARA RAO KODE

ABSTRACT

Stable liquid dispersions and the subsequent self-assembly of boron nitride (BN) 

nanostructures are a vital precursor for translating their exceptional electrical, mechanical, 

thermal, and optical properties into large-area assemblies with controlled properties. 

However, achieving individually dispersed BN nanomaterials including BN nanotubes 

(BNNTs) and hexagonal BN nanosheets (hBN) in almost any solvent has been hindered by 

strong van der Waals interactions among nanomaterials.

In this dissertation work, we reported a comprehensive study on developing an 

efficient dispersion, self-assembly, and rheological characterization of BN nanomaterials. 

Particularly, we reported a highly efficient dispersions of BNNTs through noncovalent 

complexation while exploiting the solvent-nanotube-dispersant interactions using 

biopolymer DNA and various solvents including water and alcohol. The subsequent 

purification by membrane filtration revealed that the raw BNNT material constitutes ~ 45.2 

mass % of non-nanotube impurities. Of the alcohols tested, isopropyl alcohol (IPA) was 

found to be an efficient solvent, resulting in a dispersion yield of as high as ~ 48 % 

nanotubes in an IPA/water mixture with 60 vol % IPA by mild bath sonication. Molecular 

dynamics simulations further revealed that IPA played a pseudosurfactant role in solvating 

BNNTs by replacing water molecules in the solvation layer while IPA is added. The 

dispersion techniques developed for BNNTs has been extended for aqueous dispersions of 
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hBN as well. Additionally, we demonstrated the formation of solid BNNT films comprised 

of spontaneously aligned nanotubes through drop drying of DNA-wrapped BNNTs.

The overall properties of solid BNNT assemblies are directly influenced by the 

physical properties of nanotubes, including the tube lengths. Conventional surface 

deposition method by imaging dried samples on a substrate revealed inconsistencies in the 

average lengths of the parent BNNTs coated by DNA and SDC, due to the differential 

binding of DNA-BNNTs to a substrate. Therefore, we determined the nanotube lengths 

using an alternative method - rheological characterization - by measuring the viscosity of 

dilute dispersions of DNA-BNNTs, highlighting the Brownian rigid rod behavior of 

BNNTs. Combined, our study on the dispersion, self-assembly and rheology of BN 

nanomaterials paved a way for producing BN assemblies with controlled properties while 

offering green chemistry and multifunctionality.
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CHAPTER I

INTRODUCTION

The multi-dimensional boron nitride (BN) polymorphs, including fullerenes, 

nanotubes and nanosheets, have spurred a special attention in a wide range of applications 

due to their unique structural, mechanical, electrical, optical, and thermal properties. These 

are classified as inorganic or non-carbon nanomaterials, which are primarily produced 

synthetically and more recently, discovered in nature.[1] BN nanomaterials are structural 

analogs to carbon but substituted with equal number of covalently bonded boron (B) and 

nitrogen (N) atoms on a hexagonal carbon lattice. Like graphitic nanomaterials including 

graphene and carbon nanotubes (CNTs), studies on synthesis of various forms of BN 

nanostructures including boron nitride nanotubes (BNNTs), BN nanowires, hexagonal

boron nitride (hBN) nanosheets, nanofibers and BN nanocages have been reported.[2]-[6] 

These BN classified materials have been of great research interest as they possess unique 

features that are unavailable in many existing nanomaterials. Some of the excellent 

characteristics offered by BN nanostructures, including, but are not limited to, high thermal 

stability, superior mechanical strength, chemical inertness, and excellent ultraviolet 

protection and thermal stability. More importantly, they offer unique combination of 
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properties of electrically insulating and thermally conductive properties, unlike carbon 

nanomaterials. These advantages make BN nanomaterials a promising material for 

potential application developments in various fields including thermal interface 

materials,[7],[8] waste-water treatment,[9]-[11] energy harvesting,[12],[13] 

cosmetics,[14],[15] electrocatalysts[16] and advanced polymer composites.[17], [18] In 

addition, due to their imaging contrast and strong neutron capture abilities, and enhanced 

biocompatibility, they have been taken advantage in biomedical applications, 

biosensing[19] and drug and gene delivery.[20], [21]

Undoubtedly, compared to the carbon nanomaterials, the BN nanomaterials have 

remained much less explored. However, such a shortage of research work does not 

necessarily reflect the fact that BN systems have been downplayed relative to carbon 

nanomaterials. This is due to the lack of well-controlled conditions and techniques for 

synthesis of BN-based nanostructures, which have been different from already well- 

established routes of carbon nanomaterial synthesis. As a result, the final properties of the 

macroscopic artifacts fabricated by BN nanomaterials could possibly be inhibited by the 

low quality as-synthesized BN material, which is used as a precursor for liquid phase 

processing and subsequent application developments. More importantly, achieving 

individually dispersed nanomaterials in almost any solvent has been hindered by strong 

van der Waals interactions among nanomaterials. One of the most promising routes to 

accomplish stable dispersions of BN nanomaterials is via noncovalent complexation using 

dispersant molecules in a solvent media using sonication, enabling minimal damage to BN 

lattice structure and reduced energetic cost.
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One of the primary goals of our research group is to develop BN nanomaterial 

dispersion methodology and effective characterization, which is the fundamental criteria 

for developing and achieving the final product with desired optimum properties. My role, 

as detailed in this thesis, was to develop highly efficient dispersions of BN nanostructures, 

specifically, BNNTs and hBN nanosheets, aided by biomolecules such as DNA using non

covalent complexation in solvent media. This effort utilized the various characterization 

techniques including UV-vis spectrophotometer, thermogravimetric analysis, optical 

microscopy, scanning electron microscopy, and rheology to characterize and optimize the 

dispersion quality and yield.

This thesis is formatted mainly into two sections: the first section, which is the 

major portion of this dissertation work, includes the solvent/cosolvent assisted dispersions, 

purification, rheological characterization, self-assembly of BNNTs by DNA. The second 

section includes the noncovalent complexation of hBN sheets using DNA in phosphate 

buffered saline solution. Specifically, chapter II includes a broader background knowledge 

about BNNTs and hBN nanosheets and various approaches that are previously employed 

for surface modification, exfoliation, rheology of dilute dispersions, bottom-up assembly 

and other relevant information.

Chapter III is the published paper on purification and assembly of DNA-stabilized 

BNNTs into aligned films. We report a dispersion methodology of BNNTs in an aqueous 

environment using DNA and produced assembled solid films with improved nanotube 

alignment and purity. We chose to initially work with (GT)20 single-stranded DNA, which 

has emerged as a sequence controlled biopolymer of choice to effectively sort chirality- 

defined SWCNTs[22] and enable controlled assembly and technological applications of
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SWCNTs with enhanced biocompatibility.[23], [24] The main intellectual contribution 

from this effort was the formation of films comprising aligned DNA/BNNT bundles that 

has not been previously achieved.

Chapter IV is our second manuscript submitted on a high throughput dispersion of 

BNNTs by DNA in various cosolvents. We used a natural and cost-effective DNA source 

in this study. Our results showed that the bath sonication not only unleashes the production 

of long pristine BNNTs surface coated by DNA, but also produces highly stable dispersions 

with improved nanotubes yield, dependent on the alcohol/water mixture composition. 

Molecular dynamic simulations were used to examine the solvation behavior of BNNTs in 

IPA/water mixtures, revealing the pseudosurfactant role of IPA in dispersing BNNTs. The 

similarities and differences in estimated average BNNT lengths are addressed using SEM 

and rheology. In addition, we showed that BNNT dispersions exhibit the rheological 

behavior of dilute Brownian rigid rods, which is a vital prerequisite for subsequent liquid 

crystalline phase behavior study of BNNTs in future work. The main intellectual 

contribution from this effort was the production of highly efficient and stable dispersions 

of DNA-BNNTs in IPA/water and their subsequent length characterization by 

rheological measurements of dilute dispersions, demonstrating the Brownian rigid rod 

behavior of BNNTs.

Chapter V presents the preliminary work on the liquid dispersions of hBN 

nanosheets through a non-covalent complexation using DNA in phosphate buffered saline 

solution. We applied our prior knowledge from BNNT work to produce hBN dispersions 

assisted by DNA in Dulbecco's Modified Eagle Medium for cytotoxicity studies. To start 

with, we used UV-vis spectrophotometer and SEM to characterize and determine the 

4



dispersion yield of hBN samples. Successful completion of work will lead to the 

development of potential hBN cosmetic and sunscreen applications with enhanced 

biocompatibility. The main intellectual contribution from this effort was the production 

of highly concentrated yet stable dispersions of hBN by DNA in phosphate buffered 

saline solution.

Chapter VI states conclusions and the recommendations for future work. Briefly, a 

systematic approach of processing BNNTs including dispersion, purification, and 

assembly into solid aligned films was achieved using short ssDNA as a highly efficient 

dispersant for stabilizing BNNTs in water. In addition, a quick and efficient way of 

cosolvent assisted dispersions of BNNTs using natural DNA and their length 

characterization techniques by SEM and rheology is reported. Molecular dynamic 

simulations were utilized to understand the solvation energies and dynamics of BNNT 

dispersions in IPA as a cosolvent. Our preliminary findings on liquid dispersions of hBN 

nanosheets by DNA in PBS are also reported. The thesis is concluded with a discussion of 

the future direction for the work.
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CHAPTER II

BACKGROUND

Boron nitride nanosystems including BNNTs and hBN possess the exceptional 

optical, mechanical, chemical, and thermal properties for various scientific and industrial 

applications. The synthesis techniques and fundamental studies of BN nanomaterials 

continued to gain attention due to their unique properties that are not available in many 

existing nanomaterials. Particularly, recent advances in the large-scale synthesis 

techniques of BNNTs have led to growing interests in liquid phase processing and their 

macroscopic assemblies including films and fibers with improved properties. The effective 

translation of unique properties of individual nanomaterials into macroscopic assemblies 

requires a starting material with well-defined properties. In order to accomplish this, a 

prerequisite is to obtain nanotubes in an individually dispersed state in a liquid medium, 

which will allow developing films and fibers. However, obtaining BNNT dispersions has 

been hindered by multiple challenges, including strong van der Waals interactions between 

nanotubes, “lip-lip” interactions, polydispersity, and impure BN raw material. Our goal is 

to bridge the gap between ill-defined as-synthesized BN materials available in the market 

and potential applications development with enhanced properties of a final product through 
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liquid phase processing with minimal energetic cost and enhanced biocompatibility and 

green chemistry.

This chapter provides general background information relevant to this dissertation 

including boron nitride nanotubes, boron nitride nanosheets and their surface modification 

techniques in solvent media. In addition, this section includes the theoretical and 

experimental knowledge on understanding the rheological behavior of Brownian rigid rod 

systems in dilute region. Furthermore, this section covers briefly about different thin film 

fabrication techniques that are previously employed in the literature, as well as in this work 

for macroscopic assembly of nanomaterials into aligned films.

2.1. Boron Nitride Nanotubes

BNNTs are one-dimensional (1D) tubular nanostructures consisting of hexagonal

boron and nitrogen bonding patterns.[2], [25] Structurally, BNNTs are close analogues to 

CNTs, which can be classified as single-wall boron nitride nanotubes (SWBNNTs) and 

multi-wall boron nitride nanotubes (MWBNNTs).[26], [27] SWBNNTs in general, 

imagined as a rolled up single-layered hexagonal BN nanosheet (Figure 2.1A). Similar to 

the atomic structure of CNT, there are several classification of BNNT chirality depending 

on the chiral index (n, m) as shown in Figure 2.1B.[28] For instance, a tube is said to be 

“zig-zag”, if the direction of sheet is parallelly oriented to the tube axis, i.e., m = 0. On the 

other hand, it is called “arm-chair”, if the orientation of sheet is along with the tube axis, 

i.e., m = n. All other (n, m) species corresponds to “chiral” BNNTs. The majority of the 

BNNTs investigated previously depicted “zig-zag” model systems, although “arm-chair” 

and “chiral” nanotubes are also observed to a certain extent, unlike CNTs, which are 

typically found in equal proportions statistically.
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On the other hand, MWBNNTs are nested arrangement of SWBNNTs in two or up 

to maximum 8 coaxial cylinders with typical diameters between 2 to 8 nm and length 

ranging up to a 200 |im.[26] The BNNTs with number of walls that are most commonly 

found are 2 to 5 as shown by a representative transmission electron microscope (TEM) 

image in Figure 2.1C. BNNTs exhibits a partial ionic nature due to their electronegativity 

difference between B and N bonding. As a result, unlike CNTs,[27] BNNTs are electrically 

insulating with a wide band gap of ~ 5-6 eV, which is independent of tube wall number 

and chirality.[25], [29] In fact, several studies were reported by several research groups on 

modifying the electronic structure of BNNTs, by electric field,[30] doping,[31] introducing 

defects[32] and engineering the tube surface to fit them in a broader applications.[33] In 

addition, BNNTs are stable under air oxidation up to 1000 °C which is almost two times 

greater than the thermal stability of CNTs and have optical absorbance, fluorescence 

features in the ultraviolet range and transparent in visible, unlike CNTs.[34], [35] 

Furthermore, BNNTs are inherently noncytotoxic and exhibit excellent 

hydrophobicity.[36]
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Figure 2.1. (A) The structural model of multiple single-layered BNNTs indicating “zig
zag” (15,0), “arm-chair” (8,8), and a “chiral” (8,5) models by wrapping the planar 
monoatomic hexagonal BN nanosheet. Boron and nitrogen are colored in blue and red, 
respectively. [reproduced from ref. [28]] (B) A TEM image of typical one-, three- and five- 
wall BNNTs, produced by PVC/HTP method. [reproduced from ref. [26]]

In 1994, Rubio et al. reported the first theoretical prediction of perfect tubular 

model of boron nitride structure.[37] Subsequently, the first experimental synthesis was 

reported in 1995 using the arc-discharge method.[2] Later, various synthesis techniques of 

BNNT raw material have been published based on primarily, the type of material produced 

and temperature conditions, in fact, a few of them are adapted from the well-known 

techniques of CNTs production. The techniques that are classified in a low temperature 

category are ball-milling,[38] substitution reaction method,[39] and catalysts based 

chemical vapor deposition (CVD).[40] The temperature employed in the processing 

chamber is way below the vaporization temperature of pure boron (4000 °C). The arc

discharge method[41] was reported in a high temperature synthesis category of BNNTs, 

where the energy generated by the high intensity laser/arc discharge is targeted into an 

elemental B source until it gets vaporized in a production chamber. The vaporized 

elemental B reacts with the nitrogen source in the ambient temperature conditions and 

condense into the solid state to form BNNTs. However, the arc discharge method make use 
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of catalysts and produces low length-to-diameter ratio BNNTs.[42] Although small 

quantities (i.e. milligrams of the BNNTs) can be formed using the HTP method, the tubes 

are of high quality and crystalline, few-wall nanotubes, high aspect ratio BNNTs and with 

a minimal side-wall defects.[26]

More importantly, the raw BNNT material used in this work was synthesized from 

pressurized vapor/condenser method (PVC)/high-temperature-pressure method (HTP), 

reported by a group at NASA.[26] This technique produced highly crystalline, very long 

and small-diameter BNNTs in the absence of any catalysts. It involves the force 

condensation of an ascending plume of pure boron vapor, which was produced by a 

targeted heating using a laser. These boron vapors at an elevated ambient pressure, 

typically 20 times higher than atmospheric pressure, was allowed to react with the 

surrounding high-pressure nitrogen gas in the chamber. As a result, the strong buoyancy 

force was generated due to the density difference between boron vapors (over 4000°C) and 

nitrogen gas maintained at room temperature. The boron droplets from a cooled metallic 

wire which acts as a condenser in a chamber, will eventually be collided with the supplied 

nitrogen gas molecules to help grew BNNTs in a form of cotton like shaped raw material. 

This raw BNNT material (Figure 2.2) is stabilized into a puffball shaped with a bundled, 

and interlocked network of nanotubes along with the presence of unwanted non-nanotubes 

impurities.[43], [44] Some of the impurities include elemental boron, oxides of boron, 

boron nitride cages and hBN nanostructures. In fact, the gray color of the raw material was 

due to the presence of boron impurities.[44], [45] Subsequently, several refinements have 

been carried out on BNNTs by both commercial companies and research groups to obtain 

the raw material with improved purity. While techniques to purify elemental boron from 
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the as-synthesized material were known, but the selective removal of hBN from BNNTs is 

challenging due to their chemical similarities.[45], [46] More recently, Marincel et al. 

reported the wet-thermal etching technique, which utilizes the presence of defect sites on 

the surface of hBN nanosheets to selectively purify from BNNTs at a low temperature of 

715 °C, despite their chemical similarities.[43] A maximum yield of 10 wt. % of pure 

BNNTs was reported while showing that BNNT defect sites can withstand to damage 

during purification.[43] Nevertheless, the production of pristine BNNTs especially in large 

quantities with high purity and small diameters during the synthesis still remains 

challenging and negatively impacts the potential technological developments and 

applications.[42],[43] Therefore, the process optimization coupled with the controlled 

arrangement of boron and nitrogen sources in the reaction chamber could potentially 

improve the BNNT quality in the as-synthesized raw BNNT material.

Figure 2.2. SEM of as-synthesized raw BNNT material. [reproduced from ref.[43]]

2.2. Hexagonal Boron Nitride Nanosheets

Two-dimensional hexagonal boron nitride nanosheets (hBN), also often referred as 

‘white graphene’ powder or “non-carbon graphene” because of its white color. These 

sheets can be mono- to several layers thick with an alternating B and N atoms in a 
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honeycomb BN lattice structure (Figure 2.3A).[48] However, it has been challenging 

practically to produce single-layered planar monoatomic hBN nanosheets, unlike 

graphene, as the interaction caused by van der Waals forces among BN layers are much 

stronger. As a result, studies involving monoatomic BN graphene-like layers have been 

limited.[49]—[51] Figure 2.3B shows the representative TEM image of hBN displaying 

several nanosheets with a heavily stacked structure in different orientations.[52] These 

hBN nanosheets possess a high Young’s modulus (865 GPa),[53] that is four times higher 

than that of steel by itself and a measured thermal conductivity of 600 W m-1 K-1 for a 

single-layer hBN nanosheet, which decreases as the count of hBN layers increases.[54] 

They have a wide energy band gap of 5.9 eV, very high chemical, mechanical, and thermal 

stabilities.[51],[52] These advantages make BN a promising material for application 

developments in various fields including next generation polymer matrix composites,[57] 

hydrogen storage,[58] field emitters,[59] neutron capture,[60] electrocatalysts,[61]

sorbents,[62] and cosmetic sunscreens.[63], [64]

Figure 2.3. (A) The structural model of a multi-layered hexagonal boron nitride nanosheets 
representing the alternating boron and nitrogen in green and red, respectively. [reproduced 
from ref. [48]] (B) TEM image of several-layered hBN representing multiple randomly 
oriented stacked sheets. [reproduced from ref. [52]]
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Several synthesis techniques have been reported previously to produce high-quality 

hBN nanosheets. Some of the techniques include chemical vapor deposition,[65] plasma 

arc method,[66] laser ablation,[67], [68] and plasma-enhanced pulsed laser deposition.[69] 

For instance, in a CVD technique, which was previously employed to grow BNNTs, a 

volatile precursor such as borazine (B3H6N3), are typically subjected to interact on the 

surface of a substrate in the presence of catalysts such as Ni2B particles that are maintained 

at temperatures of 1100 °C to condense the desired hBN as-synthesized material.[65] On 

the other hand, researchers have utilized a combination of multiple precursors including 

BF3-NH3, BCl3-NH3, and B2H6-NH3 to grow hBN thin films on a metallic substrates like 

Ni (111) for deposition of hBN nanomaterials.[70] Some of the advantages this technique 

generally offers are minimal energetic cost, greater purity, and scalability. Whereas the 

latter synthesis techniques usually utilize high energy input of up to 2000 °C and these are 

not studied as extensively as the techniques discussed before.

2.3. Dispersions of Boron Nitride Nanomaterials

In spite of these amazing properties and possible applications, the real applications 

of BN nanomaterials are greatly hindered by a lack of high-quality dispersions. Also, the 

structural factors including purity, diameter, defects that are directly associated with the 

synthesis process is problematic, which would negatively impact the final properties, 

functionalities of large area assemblies and interfacial quality of polymer composites. 

Liquid phase processing of BN nanomaterials including 1D BNNTs and 2D hBN 

nanosheets that are used in this work, is a promising approach to effectively translate 

fascinating properties of individual BN nanomaterials into macroscopic assembled 

materials for application developments. However, liquid phase processing is limited by 
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poor dispersibility of nanomaterials in almost any solvent medium due to the strong van 

der Waals interactions and high surface energy of BN nanomaterials. In fact, BN 

nanomaterials have significantly higher chemical inertness compared to well-known 

graphitic materials, as the peculiar stacking sequence of monoatomic layers of BN 

nanomaterials lead to the “lip-lip” interactions among the BN layers.[71], [72] More 

importantly, due to the difference in electronegativity between B and N, the covalent BN 

bonds are partially ionic, unlike carbon-carbon bonding in graphene polymorphs, which 

makes them tougher to chemically modify.[73] In the literature, there have been several 

successful studies that are reported on surface functionalization and exfoliation of BN 

nanomaterials. Some of the approaches include covalent functionalization, non-covalent 

complexation and solid-state surface functionalization including ball milling, plasma- 

assisted and thermal treatment methods, which will be discussed further in detailed in the 

following sections.

2.3.1. Solid-state surface functionalization

First, via thermal treatment,[68],[69] BN nanomaterials are subjected to elevated 

temperatures up to 1000 °C in the presence of air in a furnace to introduce hydroxyl (-OH) 

groups by generating defect sites on edges or surface of nanomaterials. The resulting 

hydroxylated BN nanomaterials are dispersed in a desired solvent to produce stable 

dispersions of nanomaterials. However, this technique typically produces byproducts in the 

form of oxides of boron such as B2O3 post heat-treatment, resulting in inhibiting the 

dispersion yield of hydroxylated BN nanomaterials. In addition, although the thermal 

treatment minimizes the usage of solvents that are often toxic and corrosive, the limitations 
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are nevertheless be considered, as they utilize high-energetic cost, and it is solely capable 

of oxidizing nanomaterials.

Secondly, high-energy radiation including plasma, X-ray, and electron beam, have 

been often conducted by altering both chemical and physical structures of nanomaterials. 

This technique was previously used by researchers for a precise targeted surface 

functionalization of hBN nanomaterials. This induce covalent bonds at the active sites or 

the attack of reactive species via Lewis acid-base interactions on B and N atoms with a 

tunable parameters.[76]-[78] It offers several advantages including a significantly lower 

reaction time, utilization of diversified functional groups, nondestructive surface 

morphology.

Third, ball-milling treatment, which was predominantly used for exfoliation of hBN 

nanosheets relative to BNNTs, involves the mechanical force to break down highly 

crystalline hBN nanosheets while generating disorders or defect sites on the surface of BN. 

Here, the treatment time with ball milling was reported to be directly proportional to the 

extent of chemical reactivity of hBN nanosheets.[79] In order to fabricate applications, an 

additional step of further modification of treated hBN powders is typically required. For 

example, Lei et al. reported a urea-assisted exfoliation of water-soluble hBN nanosheets 

through a solid-state ball milling technique, resulting in a stable hBN dispersions of 

concentrations as high as 30 mg/mL (Figure 2.4).[48] These dispersions with few-layer 

hBN nanosheets were later used to fabricate the low density aerogels and freestanding thin- 

film membranes through a cryo-drying and filtration techniques, respectively.[48]
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Figure 2.4. The schematic showing the production of few-layer hBN based on urea- 
assisted solid-state surface functionalization. [reproduced from ref.[48]]

2.3.2. Covalent functionalization

Covalent functionalization, one of the most widely studied chemical modification 

technique to help disperse both graphitic and BN nanomaterials. This utilizes functional 

groups that can create new bonds on the surface of nanomaterials. Here, the BN structure 

is generally functionalized covalently by adding two similar or different groups to a 

neighboring B-N bonds on the basal plane sites. The generated novel bonds are always 

expected to be at an even number to satisfy the overall charge when functional groups form 

bonds as the BN conjugated n bonds are opened.[80], [81]

Due to intrinsic partial ionic nature of a B-N bond, B and N atoms are partially 

positive and negative charged, respectively. This enables BN materials to be interactive 

with both nucleophilic and electrophilic groups. Most covalent modification procedures 

consist of two steps. Firstly, hBN are modified to introduce a variety of chemical groups 

including hydroxyl,[76], [82]-[84] amino,[85], [86] amine,[87], [88] alkyl,[89], [90] 

acyl,[91] halogen groups[92] on BN surfaces. Secondly, these one-step functionalized BNs 

can be directly utilized in many applications, at the same time, can be further modified to 

decorate more functional groups to engineer into desired properties. Researchers reported 

a multi-step reaction by utilizing a oxosilane to interact with the hydroxylated BNNTs 
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followed by a grafting of polyhedral oligosilsesquioxane structures.[93] In addition, 

researchers reported hydroxylated BNNTs and hBN nanosheets that are being used as 

precursors for further alteration by perfluorobutyric acid (CF3CF2CF2COOH) or 

thioglycolic acid (HSCH2COOH).[82],[84] However, this often required highly corrosive 

oxidants such as concentrated acids. While the high temperature and pressure conditions 

utilized in these techniques to chemically modify BN surfaces would negatively impact the 

intrinsic properties of nanomaterials.

Studies over the past few decades showed that a facile and effective covalent 

functionalization can be accomplished via the direct surface modification on BN network 

by chemical reduction. The covalent alkylation of reduced BNNTs was reported using 1- 

bromohexane (Figure 2.5).[90] BNNTs were in this case mixed in sodium 

napthalide/tetrahydrofuran solution in the presence of argon gas to enable chemical 

reduction.[90] Then, 1-bromohexane was added to the reduced BNNTs as a precursor and 

mixed for 48 hours for alkylation. More recently, Marti et al. reported BNNTs that are 

covalently functionalized by dodecyl chains via Billups-Birch reaction utilizing reagents 

of lithium and 1-bromododecane.[94] This study revealed the existence of alkyl chains on 

the surface of BNNTs. As a result, this led to increased efficiency of dispersions in different 

solvents.[94] A similar strategy was also reported for dispersing hBN nanosheets, where 

the highest chemical modification was achieved at a 1:20 BN/Lithium as demonstrated by 

thermogravimetric analysis and spectroscopic measurements.[52] However, these covalent 

modification techniques involve the usage of strong reducing and oxidation conditions, 

which will hinder the novel physiochemical functions and achieving nondestructive 

pristine physical structure, as this enables the major alteration of its properties.
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Figure 2.5. The schematic illustration of 1-bromohexane assisted-covalent alkylation of 
BNNTs through chemical reduction. [reproduced from ref.[90]]

2.3.3. Noncovalent complexation

In contrast, non-covalent modification technique does not substantially alter the 

properties of the nanomaterials structure. This technique has been explored by many 

researchers as this can widen up dispersing a broader range of nanomaterials including 

graphene structures, BNNTs and hBN nanosheets, using several dispersant molecules in 

both volatile and nonvolatile solvents.[84], [95], [96] This technique not only induces 

diversity in usage of dispersant molecules via attaching different alien molecules to the 

sidewall of nanotubes, but also preserves the intrinsic properties of nanomaterials. In 

general, these dispersant molecules would wrap around or interact with the sidewall of BN 

nanomaterials based on weak inter-molecular interactions including n — n stacking,[97] 

cation- n interactions[98] and hydrogen bonds.[99] In most cases, these processes are 

regarded to be reversible as the bonding between dispersant molecules and hBN 

nanomaterials is usually is much weaker as that in covalent functionalization, retrieving 

pristine nanotube surface.

Over a decade, various surfactants,[100]-[102] aromatic molecules,[103] 

polymers[104]-[106] and biomolecules such as DNA,[35], [107] peptides,[108] and 

polysaccharides[109] have been utilized to disperse BN nanomaterials through 
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noncovalent complexation in common aqueous and cosolvents. The noncovalent 

functionalization of BNNTs with ^ -conjugated polymer of poly [ m-phenylenevinylene- 

co-(2, 5-dioctoxy-p-phenylenevinylene)] (PmPV) was first confirmed by Zhi et al.[110] 

Thereafter, several synthetic and water soluble polymers such as poly(xylydiene 

tetrahydrothiophene), poly(sodium styrene sulfonate), poly(sodium vinyl sulfonate), and 

poly(sodium acrylate), were used for dispersing BNNTs through strong n — n interactions 

in aqueous medium using a simple sonication technique.[111] However, these synthetic 

polymers are expensive and required precise synthesis techniques. Moreover, the 

dispersions in water as a solvent is preferred in many biological applications, but only a 

few studies have been reported to dispersing BNNTs in aqueous phase. More recently, 

Marti et al. reported the dispersions of BNNTs in aqueous solutions of both nonionic and 

ionic surfactants.[112] Although all surfactants produce individualized BNNTs, they 

reported that high molecular weight nonionic surfactants resulted in the higher dispersion 

yield of BNNTs, while ionic surfactants assisted in eliminating the majority of hBN 

impurities. Even more recently, a similar dispersion strategy was used by the same research 

group to disperse hBN nanosheets by both nonionic and ionic surfactants in aqueous 

solution.[113] It was reported that large-molecular weight nonionic surfactants tend to 

disperse hBN at high concentrations with the assistance of low centrifugal force. In 

contrast, ionic surfactants tend to produce high dispersion yield samples of hBN aided by 

high centrifugal force while maintaining high dispersion stability.

On the other hand, researchers also explored alternative approaches to 

noncovalently functionalize surfaces of BN nanomaterials solely based on the interactions 

of strong physical adsorption of acid molecules via n — n stacking. For instance, Okamoto
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et al. reported noncovalently functionalized hBN nanosheets with a maximum dispersion 

yield of ~25% in strong acids such as chlorosulfonic acid (CSA) using sonication.[114] 

They observed a significant increase in in- and through-plane thermal conductivities of 

noncovalently functionalized hBN nanosheets as high as 10 W m-1 K-1 in thermoplastic 

polymer composite films that are fabricated via a simple wet-process. More recently, Zhao 

et al. reported an ultrahigh in-plane thermal conductivity of 70.3 W m-1 K-1 for free

standing composite PVA films of tannic acid-functionalized hBN nanosheets that are 

exfoliated using sonication, resulted in the dispersion yield of « 42 % (Figure 2.6).[115] 

Similarly, CSA has been used by Talmon et al. and Pasquali et al. for a spontaneous 

dissolution of BNNTs into disentangled individually dispersed nanotubes without 

sonication or use of dispersant agents.[116], [117] Later, these extracted BNNTs were 

processed into macroscopic assemblies including thin films, gels and aerogels.

Figure 2.6. The schematic representation of noncovalent complexation of hBN nanosheets 
by tannic acid in water. [reproduced from ref.[115]

Over the years, many biomolecules have been used as dispersing agents for 

noncovalent complexation of CNTs. Some of them are peptides, proteins, DNAs, 

saccharides, and lipids. Serizawa et al. reported the flavin mononucleotide, which is a 

phosphorylated derivative of vitamin B2, functionalized BNNTs exfoliated under a mild 

sonication for 3 hours at 20 °C in water (Figure 2.7).[118] Studies revealed the presence of 
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strong n — n interactions between dispersant molecules and BNNTs hybrids, which were 

reported to be highly fluorescent and can be potentially used for visible-light emitters 

applications.[118] Lee et al. reported the lipids assisted functionalization of BNNTs in 

water, which can be stable up to 3 months.[119] Despite the chemical similarities of BN 

nanomaterials, many biomolecules are expected to be similarly efficient for dispersing and 

functionalizing of both BNNTs and hBN nanosheets. However, the interactions between 

these biomolecules and BN materials are very complicated and yet to be fully understood. 

Several molecular dynamic simulation studies have been reported to understand the 

structural dynamics, solvation and interaction phenomena of DNA biomolecules on the 

sidewall of BNNTs and hBN nanosheets.[107], [120]

Figure 2.7. The formation process of BNNTs wrapped by flavin mononucleotide. 
[reproduced from ref.[118]]

2.4. Noncovalent Complexation of Boron Nitride Nanotubes by DNA

Among all, the biomolecule DNA, nature’s most important building block has been 

widely studied for the application developments of nanomaterials like CNTs due to its 

advantageous properties including potential enhanced biocompatibility, green chemistry 

and multifunctionality.[23], [24], [121] In addition, understanding the interactions of 
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BNNTs and biopolymer DNA is essential to explore other biomolecules and polymers to 

better manipulate BNNTs in future work. For instance, single-stranded DNA (ssDNA) has 

emerged as a sequence controlled biopolymer of choice to effectively sort chirality-defined 

SWCNTs.[22], [122] DNA is composed of repeating units of nucleotides (A,T,G,C) with 

nitrogen containing aromatic bases, a negatively charged phosphate-sugar DNA backbone. 

Theoretically, the dispersion mechanism of BNNTs interacting with short single nucleotide 

repeats revealed the formation of DNA wrapping structure on BNNTs via n — n stacking 

of hydrophobic DNA nucleotide bases and the hydrophobic surface of an aromatic BNNT 

as shown in Figure 2.7.[120] Furthermore, DNA-BNNT hybrids are stabilized by 

electrostatic interactions due to the charge-carrying phosphate-sugar DNA backbone that 

is exposed in the aqueous environment. This allows BNNTs to remain individually 

dispersed in aqueous environments.

Figure 2.8. The schematic representation showing the noncovalent complexation of single
stranded DNA sequence on the surface of BNNT. [reproduced from ref.[120]]

Zhi et al. reported denatured salmon DNA and thiol-modified short single-stranded

DNA of 27-mer to disperse multi-wall boron nitride nanotubes with an average diameter 
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of « 50 nm in water.[35] A thermogravimetric analysis suggested that 20 wt% DNA were 

wrapped around the surface of BNNTs, yielding 0.2 wt% BNNTs using a single-stranded 

DNA at optimized experimental conditions. A clear shift was identified in spectroscopic 

measurements of BNNTs and DNA, indicating the presence of strong n-n stacking 

interactions of BNNT and DNA. They attempted to assemble them via filtering DNA- 

BNNT dispersions through a filter sheet and the resulting DNA-BNNT mat was dried for 

characterization. However, there were still several unsolved problems and drawbacks in 

that work. The DNA-BNNT hybrid started to aggregate as the concentration increased. The 

purification of DNA-BNNT dispersions was not reported. The dried mat of DNA-BNNTs 

showed a locally orientated but globally isotropic morphology of BNNTs with impurities 

on a smaller length scale of < 3 pm. The orientated morphology only consisted of a few 

DNA-BNNT bundles. In addition, the authors suggested that a nematic ordering of BNNT 

ensembles observed for the dried mat could correlate to the formation of a nematic liquid 

crystal phase during filtration. The orientated morphology only consisted of a few DNA- 

BNNT bundles. In addition, the authors suggested that a nematic ordering of BNNT 

ensembles observed for the dried mat could correlate to the formation of a nematic liquid 

crystal phase during filtration. This is problematic as the DNA-BNNT hybrids were not 

stable in water at higher than 0.2 wt% BNNTs, which is more than an order of magnitude 

lower than the critical concentration for forming a liquid crystalline phase from rodlike 

BNNTs with the given aspect ratio of « 20-60. Moreover, it was not clear whether the 

BNNT assembly was mediated by DNA or was simply due to the aggregation of BNNTs.
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2.5. Rheology of Fluid Dispersed Brownian Rods in Dilute Regime

Rheometer is a powerful tool that can study the deformation and flow behavior of 

all kinds of materials as a function of rate or frequency of deformation. It translates the 

rheometer parameters into the material parameters by considering the predefined sample 

shape or flow field. For liquids, it imposes a shearing flow in a liquid and measures the 

resulting stresses acting on a surface per unit area, parallel to the direction of fluid flow, or 

alternatively, impose the shear stress and measure the resulting shear rate. This 

phenomenon can be illustrated by considering a simple Sliding-Plate-Model or Parallel

Plate-Model as shown in the Figure 2.8. The shear stress (t) is defined as the force (F) 

• 
acting on the upper plate over a shear area A, resulting in a deflection of 5. Shear rate (y) 

is defined the velocity (v) of moving plate due to applied force F, divided by the gap (h) 

•
between two plates. Here, the lower plate is held stationary (v = 0). Therefore, y = v/h. 

•
The shear viscosity ^, is then defined as r/y. After a steady shearing flow has been 

imposed on a liquid for a certain period, along the coordinate direction (x1), the shear stress 

•
often attains a steady state r(y) while the velocity varying perpendicular in a direction of 

coordinate (xi). Then the steady-state shear viscosity ^(y) is defined as r(y)/y
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Figure 2.9. The Sliding-Plate-Model illustrating a simple shear test with relative 
coordinate system.

A reliable characterization of aspect ratio (length-to-diameter) of rodlike molecules 

dispersed in fluids is important for a precise quantification of final mechanical, thermal, 

electrical properties of BNNT macroscopic assemblies and nanocomposites. This can be 

accomplished using a method based on measuring the viscosity of a macroscopic sample 

of dilute suspended rods, which was previously reported to determine the apparent lengths 

of nanorods.[123], [124] However, applicability of this rheological method to new systems 

such as BNNTs requires Brownian rigid rod behavior or the collapse of viscosity versus 

shear rate curves from samples of different concentrations onto a single master curve 

(Figure 2.9).[123] BNNTs being a rodlike 1-D tubular nanostructures with a high length- 

to diameter ratio (L/D), they have a greater tendency to behave as Brownian rigid rods in 

dilute region. A more recent study on real-time visualization and dynamics of BNNTs 

undergoing Brownian motion showed that 3.6 ^m long BNNTs behaved as ideal rigid rods, 

yielding a persistence length of ~ 7 mm that is 100-fold higher than the SWCNT.[125] 

Previously, dilute dispersions of SWCNTs in superacid of an average aspect ratio ~ 500 
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exhibited a Brownian behavior.[126] However, the Brownian behavior of SWCNTs 

dispersed in dsDNA solution was not observed.[127] This could be attributed due to the 

presence of excess amounts of semiflexible dsDNA in the dispersions as well as the 

limitations of rheological measurements in the lower shear rate region. For instance, 

Wierenga et al. characterized the aspect ratio of CNTs using a similar viscosity 

method.[128] In addition, Boluk et al. determined the aspect ratio of cellulose nanocrystals, 

as this was a reliable and simple method to estimate the aspect ratios of cellulose 

nanocrystals.[129] However, applicability of this rheological method to new systems such 

as BNNTs requires Brownian rigid rod behavior in dilute regime. In general, the Brownian 

motion of rods is induced by the random fluctuation of the solvent molecules. In the dilute 

region, rods should be able to rotate or translate freely and without being influenced by the 

neighboring rods. In addition, Doi-Edwards’s theory (1986) stated that the volume, a single 

long rod can sweep out by rotation about its center of mass must be large (around L3). For 

instance, in the dilute region, the concentration range of dsDNA-stabilized SWCNTs of an 

average aspect ratio 600 in supernatant dispersions was reported as < 912 ppm.[127] 

However, it was much higher than the concentration range of SWCNTs in superacid which 

was < 94 ppm.[126]

If the Brownian forces dominate, the relative amount of time the rods take to orient 

themselves parallelly with the direction of flow field at a given shear rate is significantly 

higher. This results in the least influence on viscosity of a fluid in dilute regime.[130] At 

high enough shear, the viscosity of rods decreases with shear rate as the rods orient and 

therefore results in a shear thinning behavior.
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The rate at which a rod reorients by Brownian motion in dilute solution can be 

calculated using the rotary diffusivity of the particle Dro. The rotary diffusivity of a rod is 

given as

_ 3KBT(ln(|)-0.8)

ro = nVsL3 (1)

Where ys is solvent viscosity, kb is Boltzmann’s constant, L is length, D is diameter, and

T is temperature.

The zero-shear viscosity, y0, as given in equation 2, of Brownian rigid rods in a 

dilute dispersion can be expressed as sum of solvent viscosity and viscosity contribution 

from the suspended rods.

Ro = limy (y) = RS(1 +4KBTTrotv} 
y >0 7 5 7

(2)

Where, Trot = ^L3/(72kbT) is the rod rotational relaxation time, and ^ is the 

perpendicular drag coefficient. The number concentration of rods is given in terms of the 

volume fraction 0 as v = $/(nR2L).

The perpendicular drag coefficient ^ on a slender cylinder is ^ = 4^sEf(E).

Where, e = 1 and f(E~) = i+^Éli + 1.659^2’ ln(L/R) J 1-1.5e

By substituting the above expressions, yields the Kirkwood-Auer-Batchelor (KAB)

relationship:

fo] = lim0^0
Ro - Vs 

Vs^

2 (L/R)
45 [In (L/R)]

/ n—064—\ 
I In (L/R)

\ In (L/R)/

, 1.659
+ 7 2 . -.2(ln (L/R)) (3)

Kirkwood and Plock estimated the viscosity of a dilute sample of monodisperse 

•
rods in terms of Weissenberg number (rroty), which is a product of shear rate and 

rotational relaxation time, and the viscosity over viscosity at vanishingly low shear rates,
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i .e., (^/^0). It is noted that the rods contribution to the viscosity falls within the power law 

coefficient with a terminal slope of -0.5. For monodisperse dilute rods, the shear thinning 

region is expected to start at TrotY ~ 0.2 and that they reach the terminal region at Troty > 

1. These results can be represented using the Carreau-Yasuda equation as follows.

• • n—1

v(y) = Vs + (Vo - O1 + (^y)a] a (4)

Where ps is the solvent viscosity, and p0 is the zero-shear viscosity of the rods; A, a, n are 

fitting parameters: n controls the slope of the viscosity curve at high shear rates, a controls 

the breadth of the transition from Newtonian behavior to terminal region, and A controls 

the onset of shear thinning region.

Here, the intrinsic viscosity as shown in equation 3 is independent of the 

concentration of nanotubes and dispersants used to prepare dilute dispersions. For example, 

Parra-Vasquez et al. showed that the SWCNTs from the same batch of synthetic material 

were dispersed using two different surfactants resulted in the same average aspect ratio of 

nanotubes in the dilute region.[123] Wu et al. found out that the intrinsic viscosity of 

cellulose nanocrystals is dependent on surface charge density due to the electric double 

layers, indicating NaCl concentrations should be optimized to determine the precise length- 

to-diameter ratio of cellulose nanocrystals.[131] The average aspect ratio can be obtained 

from the low shear rate plateau of a master curve generated from dilute dispersions of rods 

at different concentrations. The experimental data of average reduced viscosities pred = 

n - n<- of rigid Brownian rods are fit to the Carreau-Yasuda model[132] to extract the 

intrinsic viscosity from low shear rate plateau. With the intrinsic viscosity in hand, the 

KAB for monodisperse Brownian rods in dilute regime,[123], [133], [134] can be solved 

for <L/D> to determine the lengths of rods.
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Figure 2.10. The universal shear thinning curve of monodisperse Brownian rigid rods. 
[reproduced from ref.[123]]

2.6. Bottom-Up Assembly of Boron Nitride Nanotubes

The ability to produce starting dispersion material system with well-defined 

properties has spurred research interest in the fundamental potential bottom-up assembly 

for application developments. In this section, the various fabrication techniques that are 

previously employed for fabricating thin films of nanorods are described. Some of the 

techniques include spray-coating,[135], [136] dip-coating,[137] spin-coating,[138] and 

vacuum filtration.[139] Briefly, in a spray-coating method, nanotube dispersions are 

sprayed onto a heated substrate, allowing the uniformly coated droplet to undergo pyrolytic 

decomposition on the surface of substrate. Substrates including glass, quartz or silicon 

wafer are typically being used in this method. In fact, it was reported that substrates could 

be pre-treated to improve the film properties including conductivity by tuning the adhesion 

properties of a substrate.[135] This spray-coating technique can produce large area and 

thick films.
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In the dip-coating technique (Figure 2.10a), the substrate is dipped into a dispersion 

at constant rate and pulled off after a certain amount of time. Here, the thin layer of 

dispersion will be formed along the surface of substrate after the drying process. The 

thickness of the film is controlled by many constraints including dispersion viscosity, 

dipping time, pull-up rate and the interaction between the dispersion and substrate. The 

dip-coating technique is known for its scalability, minimal need of sophisticated apparatus. 

For instance, SWCNTs/polyvinyl butyral composite films were fabricated using this 

simple dip-coating method, where the thickness of the composite films was controlled by 

optimizing the concentration of precursor dispersions.[137] On the other hand, spin

coating (Figure 2.10b) utilizes the centrifugal force to produce a thin film by spinning the 

substrate at a certain speed, allowing dispersion to uniformly spread over the substrate to 

form a thin film. However, quite a few drawbacks exit for this technique that limits the 

large-scale coating and lacks material efficiency.

Figure 2.11. Schematic representation of thin film fabrication using (a) dip-coating (b) 
spin-coating. [reproduced from ref.[140]]
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Vacuum filtration utilizes the pressure gradient between Buchner funnel, where the 

dispersions can pass through the filter to separate retentate and permeate. Later, the thin 

film formed is then peeled off from the filter paper after the drying process. This technique 

was previously used to fabricate the BNNT buckypapers from purified dispersions of 

BNNTs in methanol via vacuum filtration through a polycarbonate membrane of 20 inn 

pore size.[141] The resulting films were peeled off from membrane filtration and further 

dried at elevated temperatures. However, this technique produces relatively thick films, 

thus may not be preferred for certain applications. Especially, the alignment of nanorods 

in films is considered to be an important factor to obtain large area assemblies with 

improved properties, which has been demonstrated extensively for aligned films and fibers 

produced from lyotropic LCs of carbon nanotubes,[142]-[144] CdSe nanorods,[145] silver 

nanorods.[146] For instance, macroscopic films were obtained by spreading cholesteric 

double-stranded DNA/SWCNT dispersions of concentration 2 vol.% onto copper tape by 

roller coating.[144] This resulted in 20 Lm translucent thick films post drying exhibiting 

typical birefringence that are unique to lyotropic liquid crystals when rotated at different 

angles under cross polarizers. Interestingly smooth surface morphology of SWCNTs films 

was observed, which could be due to the uniform coatings of DNA. More recently, the 

assembly of BNNTs into macroscale articles via solution processing with chlorosulfonic 

acid was reported (Figure 2.11).[116] Later, these stable nanotubes were fabricated into 

BNNT films and mats of thickness 1-1.5 Lm by filtering the high concentrated supernatant 

of BNNTs and transferred to perfluoro alkoxy substrates which were peeled off with 

tweezers to test under SEM.[116] In addition, BNNTs with a mass concentration of 2000 

ppm were fabricated into 1 cm3 steel mesh cages to produce 1 cm x 1 cm x 1 cm aerogels 
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by coagulating in cold ether. However, the individually dispersed BNNTs were not aligned 

in a self-standing film which limit the benefits of incorporating the inherent properties of 

nanotubes in the final product.

Figure 2.12. Macroscopic assemblies of BNNTs in chlorosulfonic acid including thin film, 
freestanding 1-1.5 ^m film, 2.5 cm diameter mat, 1 cm x 1 cm x 1 cm aerogel. [reproduced 
from ref.[116]]

In this study, we used a simple drop casting technique as shown in Figure 2.12, to 

produce aligned films of BNNTs stabilized by DNA. 2 |1L of highly concentrated purified 

BNNT dispersion is deposited on to a substrate such as silicon wafer, allowing it to dry and 

scribed to see the alignment of nanotubes underside the film. This offers advantages 

including a minimal utilization of sophisticated apparatus and lower volume of samples.

Evaporate

Figure 2.13. Schematic representation of a drop casting method on the substrate.
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CHAPTER III

PURIFICATION AND ASSEMBLY OF DNA-STABILIZED BORON NITRIDE 

NANOTUBES INTO ALIGNED FILMS

This chapter is a reprint of the paper, “Purification and Assembly of DNA-Stabilized Boron 
Nitride Nanotubes into Aligned Films”, published in ACS Applied Nano Materials 2019, 
2(4), 2099-2105

3.1. Introduction

Boron nitride nanotubes (BNNTs) have promising optical,[147] mechanical,[148] 

and thermal properties[34] for developing thermal interface material and electronic and 

optoelectronic applications.[149]-[151] Recent advances in high-throughput synthesis of 

BNNTs have led to growing effort in scalable processing solution for making macroscopic 

assemblies of BNNTs.[26], [141],[142] The one-dimensionality and symmetry restrictions 

in high-aspect-ratio BNNTs, resembling that of carbon nanotubes, render new structural 

characteristics and unique properties that are not available in many existing 

nanomaterials.[25] Compared to electronic structures of single-wall carbon nanotubes 

(SWCNTs), which can be metals, quasi-metals, or semiconductors,[27] BNNTs with 

diameters larger than 1.2 nm behave as wide bandgap semiconductors independent of wall 

number and chirality.[37] In addition, BNNTs are stable under air oxidation up to 900 

°C[34] and have optical absorbance and fluorescence features in the ultraviolet range.[35]
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These distinct properties make BNNTs one of the most promising material candidate for 

producing multifunctional, protective films with remarkable thermal and chemical 

stabilities and ultraviolet radiation shielding.[25]

The effective translation of unique properties of individual BNNTs into 

macroscopic assemblies requires a starting material with well-defined properties. Current 

scalable synthesis of BNNTs via a high-temperature-pressure (HTP) process6,[153] 

typically produces a mixture of few-wall BNNTs and large percentages of non-nanotube 

impurities, such as elemental boron, boron oxide (B2O3), and hexagonal boron nitride (h- 

BN) structures such as nanosheets and nanoshells.[47] The post synthesis purification of 

BNNTs has been previously performed using acid and heat treatments, however, those 

techniques are mainly focused on the selective removal of elemental boron.[153] The 

alignment of nanotubes is also considered as an important factor to obtain assembled solid 

materials with improved properties, which has been demonstrated extensively for aligned 

films and fibers produced from carbon nanotubes.[142] In order to purify and align BNNTs 

through liquid phase processing as demonstrated in this work, a prerequisite is to obtain 

nanotubes in an individually dispersed state in a liquid medium.

To date, various surfactants,[100], [112] aromatic molecules,[103] 

biomolecules,[154] including DNA,[35] and other polymers[104] have been utilized to 

disperse BNNTs through noncovalent complexation in an aqueous environment. BNNTs 

that are noncovalently complexed with single-stranded DNA (DNA-BNNTs) are of 

particular interest. Single-stranded DNA (ssDNA) has emerged as a sequence controlled 

biopolymer of choice to effectively sort chirality-defined SWCNTs[22] and enable 

controlled assembly and technological applications of SWCNTs with enhanced 
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biocompatibility.[23], [24] The interactions of single-wall BNNTs and short ssDNA 

revealed theoretically the wrapping conformation of DNA on the BNNT, resembling that 

of a DNA-SWCNT hybrid, via n — n stacking of hydrophobic DNA nucleotide bases and 

the hydrophobic surface of an aromatic BNNT.[120] Furthermore, DNA-BNNT hybrids 

are stabilized by electrostatic interactions due to the charge-carrying phosphate-sugar DNA 

backbone that is exposed in the aqueous environment. The adsorption of DNA on BNNTs 

is dominated by the van der Waals interaction with a minor contribution from the 

electrostatic interaction as determined by the molecular dynamics simulation.[120] 

Notably, the ionic nature of the BN bond[25], [37] and few-wall BNNTs[26] used in this 

study could lead to a drastically different DNA conformation on the surface of BNNTs. In 

addition, DNA-mediated assembly of a BNNT mat by membrane filtration was reported 

for multi-wall BNNTs of an average diameter of ~ 50 nm, however, a uniform dispersion 

at higher than ~ 0.2 mass % BNNTs was not obtained due to nanotube aggregations. [35] 

Understanding the interactions of BNNTs and biopolymer DNA is essential to explore 

other biomolecules and polymers to better manipulate BNNTs in future work.

Here, we report a systematic study of aqueous dispersion, purification, and self

assembly of BNNTs using DNA. We demonstrated a highly efficient, aqueous dispersion 

of BNNTs using (GT)20 ssDNA and the subsequent removal of non-nanotube impurities 

from aqueous dispersions of as-synthesized material by a membrane filtration approach. 

Furthermore, aqueous dispersions of purified DNA-BNNTs remained uniform at a 

nanotube concentration of as high as ~ 11.5 mass %, which resulted in aligned BNNT films 

after solvent evaporation.
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3.2. Experimental Section

3.2.1. Materials

Boron nitride nanotubes (BNNTs, Puff Ball, lot no: 44171) synthesized by the high- 

temperature-pressure (HTP) method[153] were purchased from BNNT, LLC. Custom

made DNA was purchased from Integrated DNA Technologies. Sodium chloride (NaCl, 

Sigma-Aldrich), sodium thiocyanate (NaSCN, Sigma-Aldrich), and polyethylene glycol 

(PEG, MW 6kDa, Alfa Aesar) were used as received.

3.2.2. BNNT dispersion and purification by membrane filtration

For dispersion of BNNTs with a given DNA sequence, a total volume of 1 mL of 

the DNA and as-synthesized BNNT mixture material in deionized (DI) water with 0.1 M 

NaCl was bath sonicated at room temperature for 1 h followed by a probe tip 

ultrasonication with a 2 mm diameter probe in an ice bath for 1 h at a power level of 8 W 

(model VCX 130, Sonics and Materials, Inc.). The BNNTs/DNA mass ratio was varied 

from BNNTs:DNA = 1:0 up to 1:6 while keeping the BNNT mixture concentration 

constant at 1 mg/mL. Bath sonication was used to loosen the BNNT puff balls, while the 

majority of BNNT materials remained undispersed. After tip sonication, brown colored 

dispersions were obtained, which are composed of individually dispersed DNA-BNNT 

hybrids as well as small and large bundles of nanotubes and impurities. However, 

nanotubes did not disperse in the absence of DNA after tip sonication. To remove large 

BNNT bundles and undispersed impurities, sonicated samples were centrifuged at 19 °C 

and 17,000 g in 100 |iL aliquots for 90 min. The supernatant was collected and used as a 

stock DNA-BNNT dispersion. The purification of BNNTs from non-nanotube structures 

remaining in the supernatant was performed using a membrane filtration method.
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Specifically, the stock DNA-BNNT supernatant was purified using a Microcon® 

centrifugal filter with a molecular weight cutoff (MWCO) of 30 kDa by centrifugation at 

19 °C and 17,000 g for 15 min. The leftover sample in the filter was washed with DI water 

3 times before re-dispersing in water by vortex mixing. The purification yield of DNA- 

BNNT hybrids is « 19.6 %. The estimation of the % yield of purified DNA-BNNT hybrids 

is calculated over the total mass of a synthetic BNNT mixture in the starting material. For 

improved stability of purified DNA-BNNT dispersion for long-term storage or 

concentrating to obtain macroscopic films, an additional amount of DNA was added to a 

final concentration of ~ 100 ug/mf and bath sonicated at room temperature for 30 min. All 

BNNTs/DNA ratios of various nanotube dispersions are reported in mass ratios.

3.2.3. UV-vis absorbance measurements

The UV-vis absorbance measurements were performed on a Shimadzu UV- 

2600/Jasco V-760 spectrophotometer over the wavelength range of 185-800 nm using a 10 

mm path length quartz cuvette. Absorbance spectra were plotted up to ~ 400 nm due to the 

fact that absorption peaks of aqueous dispersion of BNNT synthetic materials were 

observed in the UV region. Excess DNA not bound to BNNTs was removed from the 

sample by a precipitation method[155] previously reported for carbon nanotubes to allow 

for resolution of BNNT absorption features in the UV region. Specifically, final 

concentrations of 1 M NaSCN and 6 mass % PEG were added to the sample, and the 

mixture was incubated overnight at 4 °C and then centrifuged at 17000 g for 30 min. After 

centrifugation, the supernatant was removed, and the pellet was re-dispersed in water by 

bath sonication for 30 min.
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3.2.4. Thermogravimetric analysis

The percentage of impurities and thermal stability of a synthetic BNNT material 

was tested by the thermal gravimetric analyzer (TA instruments Q50 series) by heating a 

BNNT puff ball up to 1000 °C under dry air at 20 °C/min ramp. The system was 

equilibrated to reduce the momentum created by the ramping temperature to the successive 

isothermal step. Isothermal temperatures were maintained at 120 °C and 240 °C for 15 min 

and at 425 °C for 25 min in order to ensure the maximum removal or oxidation of various 

components of the synthetic BNNT material, such as a moisture content, elemental boron, 

and boron oxide (B2O3) at critical temperatures.

3.2.5. Scanning electron microscopy

High-resolution field emission scanning electron microscope Inspect F50 by FEI, 

equipped with an Everhart-Thornley detector with variable grid bias was used to 

characterize dispersed DNA-BNNT hybrids as well as aligned DNA-BNNT films. The 

gold sputtered silicon wafer substrate was used to image dilute dispersions of DNA- 

BNNTs. For the densely packed DNA-BNNT films a bare silicon substrate was used 

instead, which was plasma treated to promote uniform transfer of the films to the substrate. 

The sample was scribed to reveal the underside of the film. SEM imaging was performed 

at 5 kV.

3.2.6. Optical microscopy

Optical microscopy was performed on an Olympus BX51W1 optical microscope 

with a Hamamatsu ORCA-R2 digital deep-cooled CCD camera (C10600) using precleaned 

glass slides and coverslips. Images of dilute and concentrated dispersions of DNA-BNNTs 
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were taken in transmission with and without cross-polarized light using 20x and 40x 

objectives.

3.2.7. Formation of DNA-BNNT films by evaporation

A total of 20 mL stock DNA-BNNT dispersion was purified by membrane 

filtration and was concentrated 10 times to obtain a total volume of 2 mL concentrated 

dispersion. An additional amount of corresponding (GT)20 DNA was added to a final 

concentration of 0.1 mg/mL to maintain the dispersion stability of DNA-BNNTs at higher 

concentrations of nanotubes. This yields a mass ratio of free DNA:DNA-BNNT hybrids « 

1.1:1 in the dispersion. The 2 mL sample vial was placed on a stir table with a rotational 

speed between 100-150 rpm at room temperature. In addition, the mass of solvent 

evaporated was tracked to calculate the concentration of DNA-BNNT hybrids. The dried 

BNNT film was obtained by evaporation of ~ 11.5 mass % DNA-BNNT dispersion on a 

plasma treated silicon substrate which was later tested under SEM.

3.3. Results and Discussion

The liquid phase processing including dispersion, purification, and macroscopic 

assembly of boron nitride nanotubes (BNNTs) is both scientifically interesting and 

technologically important. Short single-stranded DNA (ssDNA) has been the biopolymer 

of choice to achieve efficient surface functionalization and assembly of carbon nanotubes, 

which are structural analogs to BNNTs. Here, we report a systematic study of the aqueous 

dispersion of DNA-stabilized BNNTs via a noncovalent functionalization approach and a 

first example of self-assembly of individually dispersed BNNTs into aligned films. Using 

(GT)20 ssDNA, we show that the dispersion efficiency of BNNTs in an aqueous 

environment is dependent on the BNNTs/DNA mass ratio. The surface coating of BNNTs 
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by DNA creates uniform dispersions at a nanotube concentration of as high as ~ 11.5 % by 

mass leading to the formation of aligned BNNT films after solvent evaporation. Our work 

demonstrates the highly efficient dispersion of BNNTs using DNA, providing a general 

methodology that may be used to guide the processing of BNNTs using any dispersants for 

nanotubes, such as surfactants and polymers. In addition, it provides important insights to 

better understand the interactions between nanotubes and biomolecules and opens new 

routes for producing BNNT films with potential enhanced biocompatibility as well as 

controlled morphology and properties.

A systematic approach of processing BNNTs including dispersion, purification, 

and assembly into solid aligned films was achieved using short ssDNA as a highly efficient 

dispersant for stabilizing BNNTs in water (Scheme 1).

Scheme 1. Purification and Assembly Processes of DNA-BNNT Hybrids

2. Assembly of purified DNA-BNNT 
hybrids into solid aligned films

1. Purification of a synthetic BNNT 
material stabilized by DNA in H2O

DNA confers a number of advantages including the potential to stabilize nanotubes 

through n — n interactions in various solvents such as water and alcohols,[156] assist large 

area assemblies of nanotubes,[144], [157] and offer green chemistry and 

multifunctionality. We first examined the capability of DNA to disperse BNNTs 

individually in an aqueous environment based on its potential for n — n interactions.[120] 

In general, under the dispersion condition of BNNTs:DNA = 1:1 by mass, all short DNA 
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sequences we tested yielded good BNNT dispersions. We compared the dispersion yield 

of BNNTs by 8-mer single-nucleotide repeats of A8, C8, G8, and T8, as shown in Figure 

3.1A. The BNNT dispersion yield follows the order of G8 > C8 > T8 > A8 based on 

absorbance values of DNA-BNNT hybrids at 205 nm. The difference in absorbance spectra 

of G8-BNNT dispersion between 235 nm and 285 nm compared to that of other DNA- 

BNNT dispersions could be caused by the formation of G-quadruplexes for G8 

sequence[158] exhibiting different interaction behavior with nanotubes. It may also be 

possible that G-quadruplexes remain in a dispersion after a precipitation and re-dispersion 

process. In Figure 3.2B, the effect of DNA lengths on the dispersion yield of nanotubes 

was tested using (GT)n sequences where n= 3, 5, 10, 15, 20. We found that sequences 

composed of G/T nucleotides led to effective dispersions of BNNTs regardless of the 

length of (GT)n sequences used, indicating that the DNA length is not a determining factor 

for forming a stable DNA-BNNT hybrid within the range of DNA length tested. In fact, it 

has been previously proposed for a (GT)n-SWCNT system that the binding strength of 

specific DNA sequences towards nanotubes is the primarily determinant of the hybrid 

stability rather than the DNA length used and the DNA surface coverage created on 

nanotubes.[121] Consequently, we selected (GT)20ssDNA, which is one of the best known 

recognition sequences to effectively disperse and purify SWCNTs due to its ability to fold 

onto a nanotube to form a stable DNA-wrapped SWCNT hybrid.[22] The folding 

conformation of (GT)20 on BNNTs in this work could be different from that of DNA- 

SWCNTs due to the ionic BN bonding and few-wall structures of BNNTs. Nonetheless, 

stock dispersions of DNA-BNNTs obtained in this work are stable for more than 12 months 

for a routine storage condition at 4 oC. Future studies involving cost effective dispersants 
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such as natural DNA and other polymers could be beneficial for the scale-up of the liquid 

phase processing of BNNTs, although the interactions of those polymers with nanotubes 

and the hybrid stability could be drastically different from that of DNA-BNNT hybrids 

created in this work using sequence specific (GT)n ssDNA. In addition, the salt 

concentration had little impact on the dispersion yield and quality of BNNTs as shown in 

Figure 3.1C for (GT)20-BNNT dispersions with final concentrations of NaCl at 0, 50, and 

100 mM.
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Figure 3.1. Absorbance spectra of BNNTs dispersed by (A) 8-mer single-mononucleotide 
repeats with 0.1 mol/L NaCl, (B) (GT)n sequences of varied lengths with 0.1 mol/L NaCl, 
and (C) (GT)20 with final NaCl concentrations of 0, 50, and 100 mM. All spectra were 
measured after dilution of each DNA-BNNT sample by a factor of 100x in DI water. Only 
one set of spectra are shown here. Each dispersion and its corresponding absorbance 
measurements were repeated 6 times and the results were consistent and reproducible.
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Figure 3.2A compares aqueous dispersions of DNA-BNNTs prepared by three 

different methods: BNNTs:DNA = 1:0 without adding DNA, a bulk dispersion of 

BNNTs:DNA = 1:1 without centrifugation, and a supernatant of BNNTs:DNA = 1:1 

collected after centrifugation. All BNNTs/DNA ratios of various nanotube dispersions are 

reported in mass ratios. The uniform dispersion of BNNTs in an aqueous environment was 

obtained only with the assistance of DNA. The centrifugation step enabled the further 

removal of the majority of bundled BNNTs, and certain impurities (Appendix A1) as 

indicated by overall decreases in absorption peaks of DNA-BNNT dispersions. 

Specifically, we observed three characteristic peaks at 190, 205, and 220 nm wavelengths 

in the UV-region (Figure 3.2B). For a sample of BNNTs:DNA = 1:0 without the addition 

of DNA, particles of (22 ± 8) nm size were observed without obvious traces of nanotubes 

(Figure 3.3A). The existence of non-nanotube particles could lead to the absorption peak 

at 190 nm observed in absorbance spectra of BNNT dispersions with and without DNA. 

For a supernatant of BNNTs:DNA = 1:1, individually dispersed BNNTs were clearly 

observed along with non-nanotube impurities indicating that DNA is an efficient dispersing 

agent of BNNTs in an aqueous environment (Figure 3.3B).[47] The absorption of a DNA- 

BNNT hybrid is corresponded to the 205 nm peak, which is in good agreement with a band 

gap of ~ 6 eV for BNNTs.[37] In general, an absorbance spectrum of a bulk dispersion 

showed increased background and broader peaks compared to that a supernatant dispersion 

(Appendix A2). Significant decreases in absorbance values were observed for supernatant 

dispersions of BNNTs:DNA = 1:1 indicating the removal of the majority of BNNT bundles 

and other impurities with centrifugation. Here, the concentration of nanotubes after 

precipitation and re-suspension of a supernatant dispersion of BNNTs:DNA = 1:1 in 
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deionized (DI) water is determined to be « 0.382 mg • mL-1 using an extinction coefficient 

of 0.0926 L • mg-1 • cm-1 at 205 nm for a DNA-BNNT hybrid (Appendix A3). Similar 

to the interactions of DNA and graphene, the hydrophobic DNA nucleotide bases can be 

potentially noncovalently complexed with h-BN structures, which likely gave rise to an 

absorption peak at 220 nm.[159] Figure 3.2C shows the length distribution of DNA- 

BNNT hybrids from a supernatant BNNTs:DNA = 1:1 sample by SEM and the number 

average length of hybrids was estimated to be (268 ± 110) nm. High localized shear during 

ultrasonication process likely resulted in the cutting of as-synthesized nanotubes, which 

can be up to « 200 um long.[26] In addition, it has been reported recently that short (GT)30- 

SWCNT hybrids bind preferentially to the imaging substrate (freshly cleaved mica) 

compared to long (GT)30-SWCNTs due to their larger diffusion coefficients, resulting in a 

length distribution of nanotubes that is significantly smaller than the parent sample.[160] 

It could be possible that the length distribution of (GT)20-BNNT hybrids determined in this 

work is smaller than the parent BNNT dispersion potentially due to the differential binding 

of hybrids to the silicon substrate. Although the accurate measurement of nanotube lengths 

and the production of long DNA-BNNT hybrids that are desirable for certain applications 

such as nanocomposites and fiber spinning can be rationalized by future studies, the ability 

to produce stable DNA-BNNT hybrids can nonetheless be exploited for purification and 

assembly of nanotubes, as shown in this work.
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Figure 3.2. Aqueous dispersions of a synthetic BNNT material that are noncovalently 
complexed with (GT)20 ssDNA. (A) Photographs of three different dispersions with 
BNNTs/DNA mass ratios of 1:0 and 1:1 before (i.e., bulk) and after (i.e., supernatant) 
centrifugation. (B) Corresponding absorbance spectra of DNA-BNNT dispersions. 
Arrows indicate characteristic absorption peaks at 190, 205, and 220 nm wavelengths, 
respectively. (C) Histogram of the length distribution of DNA-BNNT hybrids by 
measuring lengths of 200 nanotubes imaged by SEM.
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Figure 3.3. SEM images of BNNT dispersions with and without adding (GT)20 DNA. (A) 
BNNTs:DNA = 1:0 showing no evidence of nanotube dispersion and (B) a supernatant 
BNNTs:DNA = 1:1 showing individually dispersed nanotubes. Both samples were imaged 
without further dilution.

In order to determine the effective BNNTs/DNA mass ratio for dispersing as- 

synthesized BNNTs, we compared absorbance values of three characteristic peaks of 

supernatant dispersions with increasing concentrations of DNA (Figure 3.4A). The 

absorption of DNA-BNNT hybrids at 205 nm increased for dispersions roughly up to a 

BNNTs/DNA mass ratio of 1:0.5 indicating an improved dispersion yield of nanotubes, 

followed by a plateau with further increase in DNA concentrations. The overall trend of 

absorption at 220 nm for h-BN structures with increasing DNA concentrations was similar 

to that of DNA-BNNT hybrids, however at lower absorbance values compared to that of 

DNA-BNNT hybrids (Figure 3.4A). It was reported previously that ssDNA can bind to 

flat graphite, however, at a much weaker binding strength compared to that of curved 

SWCNTs due to the spontaneous curvature of ssDNA.[159] Similarly, ssDNA is likely to 

stabilize h-BN impurities in a synthetic BNNT material through binding to the hydrophobic 

surface of h-BN structures. In addition, absorbance values of elemental boron at 190 nm 

remained relatively invariable at all BNNTs/DNA mass ratios tested indicating that the 
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dispersion yield of elemental boron is independent of the presence of DNA in an aqueous 

dispersion.

Our results show the fraction of DNA-stabilized BNNTs in an aqueous dispersion 

of synthetic BNNT mixture depended on the mass ratio of BNNTs/DNA. The change in 

absorbance values of a DNA-BNNT hybrid obtained in Figure 3.4A enables determining 

the fraction of nanotubes dispersed by DNA. The rapid increase in the fraction of DNA- 

BNNTs with increasing DNA concentration indicates that sufficient DNA molecules are 

needed to stabilize BNNTs in dispersions by overcoming strong van der Waals forces of 

attraction between nanotubes. However, the amount of DNA needed saturates at a certain 

point which is identified to be near 0.040 mM in this work. This corresponds to an initial 

dispersion of BNNTs:DNA= 1:0.5 mass ratio. The binding behavior of DNA on the 

sidewall of BNNTs in a stock DNA-BNNT dispersion can be described using a curve 

fitting approach of the Hill equation. Previously, the Hill equation arising from chemical 

kinetics was utilized to evaluate interactions of SWCNTs with biomolecules including 

DNA and dopamine.[161], [162] Here, we treat it as an empirical equation to describe the 

interactions between nanotubes and DNA at equilibrium due to the structural polydispersity 

of the synthetic BNNT material. We consider the following equation to describe our 

system:

DNA + BNNTs ^ DNA-BNNTs (5)

The total concentration of BNNTs in a dispersion, [BNNTs]tot, is the sum of the 

concentrations of bare BNNTs and nanotubes coated by DNA: 

[BNNTs]tot = [BNNTs] + [DNA-BNNTs] (6)
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We assume the fraction of the DNA-bound BNNTs in a supernatant dispersion can be 

determined as a ratio between the concentration [DNA-BNNTs] of the bound BNNTs and 

the total concentration [BNNTs]tot of the synthetic material and described by the Hill 

equation:

[DNA-BNNTs] [DNA]” , „—-------- :----  = a---- ----- — + /)
[BNNTs]tot Kd + [DNA]" (7)

where the parameter a is a proportionality factor, B accounts for background due to 

impurities, and KD and n are empirical parameters. Fitting the curve in Figure 3.4B results 

in a = 0.56 with B = 0.11, KD = 1.36 x 10-9, and the Hill coefficient n = 4.7, 

reflecting positive cooperativity of the interactions (R2 = 0.97). In other words, binding 

becomes progressively easier as the BNNT surface gets populated with DNA molecules. 

Furthermore, the sigmoidal (S-shaped) curve in Figure 3.4B can be considered as an 

indicative of the positive cooperativity of interactions. For instance, a similar method was 

reported to understand the kinetics of fluorescent based SWCNTs-based dopamine sensors, 

resulting in the Hill coefficient n = 0.66 indicating negative cooperativity of interactions, 

which is in contrast with the n value obtained in this work.[162] This could be attributed 

due to the decrease in affinity of other dopamine molecules, once one dopamine molecule 

is bound to the available recognition site on the SWCNT sensor. Earlier, the Hill equation 

was used to determine an important parameter KD, also referred as dissociation constant, 

to understand the strength of nanoparticle-biomolecule interactions, which is useful for 

comparisons of different nanoparticle-ligand interactions.[162],[163] For instance, by 

fitting the experimental data of different nanoparticle-ligand interactions to the Hill model, 

resulted in KD = 283 x 10-9 for gold nanoparticle-protein complexes [163] and KD = 

433 x 10-9 for dopamine-SWCNTs hybrids,[162] which are significantly higher 
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compared to KD value reported in this work. The estimated KD in this work was observed 

to be lower by two orders of magnitude relatively when compared to other previously 

reported systems, [162],[163] implying the strong binding affinity and cooperativity of 

DNA molecules to the available binding sites of BNNTs. The constant KD value also 

signifies the amount of ligand required to occupy half of the available binding sites on 

surface of nanoparticles. However, researchers working in different fields may have 

different considerations. In some studies, a similar model was utilized but the constant KD 

is replaced by EC50 to quantify drug concentration to produce 50% maximal response.[164] 

Even more recently, a Hill type model was used to predict the total number of cases and 

deaths due to COVID-19 pandemic.[165] The parameter KD was used to estimate the time 

(in days) at which cases attain half of its projected maximum value.[165]
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Figure 3.4. The dependence of (GT)20-BNNT dispersion efficiency on the mass ratio of 
BNNTs/DNA. (A) Absorbance values of characteristic peaks observed at 190, 205, and 
220 nm for supernatant dispersions of DNA-BNNTs at BNNTs/DNA mass ratios from 1:0 
to 1:6. (B) Fraction of DNA-BNNT hybrids in supernatant dispersions as a function of 
DNA molar concentration. All samples were diluted by a factor of 100x in DI water for 
UV-vis absorbance measurements. The error bars were obtained from the standard 
deviation of a minimum of three repeats.

Generally, stock DNA-BNNT dispersions undergo a precipitation procedure to 

remove unbound DNA from the DNA-BNNTs. Here, we measured absorbance spectra of 

un-precipitated dispersions at various BNNTs/DNA mass ratios to determine the amount 

of free DNA as well as DNA bound to nanotubes (Figure 3.5A). The peak at 260 nm 
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corresponds to the free DNA absorption. The concentration of free DNA was calculated 

using the extinction coefficient of (GT)20 DNA = 377200 L-mole’^cm’1. The concentration 

of bound DNA was calculated from the difference between the amount of total DNA added 

and that of free DNA in the aqueous dispersion. An overall trend of exponential increases 

in concentrations of free DNA was observed up to BNNTs:DNA = 1:6 in Figure 3.5B. On 

the other hand, concentrations of bound DNA remained relatively stable up to 

BNNTs/DNA ratios of 1:2 and increased gradually from 1:4, indicating the potential 

binding of DNA to BN polymorphs like hexagonal boron nitride (h-BN). Similar to the 

interaction mechanism of single-stranded DNA to carbon nanotubes, DNA could possibly 

bind to curved BNNT surfaces preferably over flat h-BN due to the spontaneous curvature 

of DNA.[159]
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Figure 3.5. (A) Absorbance spectra of un-precipitated (GT)20-BNNT dispersions at 
BNNTs/ DNA mass ratios of 1:0, 1:0.1, 1:0.25, 1:0.5, 1:0.75, 1:1, 1:1.5, 1:2, 1:4, 1:6. The 
dotted line indicates the absorption peak of free DNA at 260 nm. All samples were diluted 
by a factor of 100x in DI water for measurements. (B) A bar chart representing 
concentrations of free DNA and bound DNA in DNA-BNNT dispersions. Error bars were 
generated from the standard deviation of three repeats.

We attempted to use a previously reported heat treatment method[45] to purify as-

synthesized BNNT materials. Specifically, synthetic BNNTs were baked up to 425 °C in
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an oven for three days and the baked sample was washed with methanol to remove boron 

oxide (B2O3). The supernatant which contains B2O3 was discarded after centrifugation at 

17000 g for 1 h at 19 °C. The TGA analysis of BNNT synthetic materials before and after 

heat treatment were shown in Figure 3.6A. Before heat treatment, a continuous weight loss 

of 6.2 % was observed up to 425 oC. The weight gain starting from 425 °C up to 1000 oC 

was likely due to the oxidation of elemental boron.[45] For the heat treated sample, a 

gradual weight loss of 4.21 % was observed up to 425 °C followed by a relatively stable 

sample amount indicating the possible elimination of elemental boron and B2O3 from the 

synthetic BNNT material.[45], [116], [153] The slight weight gain of 0.83 % for the heat 

treated sample between 800 °C and 1000 °C could be potentially due to the oxidation of 

BNNT outer layers.[46] In addition, a change in color from brown to milky white for bulk 

dispersions of DNA-BNNTs was observed for heated treated BNNTs (Figure 3.6C). 

However, absorbance spectra of supernatant dispersions of DNT-BNNTs using BNNT 

materials before and after heat treatment did not show significant differences, indicating 

that the heat treatment is not an effective way of purifying synthetic BNNT materials 

(Figure 3.6B).
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Figure 3.6. Comparison of BNNT materials before and after heat treatment including (A) 
TGA analysis of synthetic BNNT materials, (B) absorbance spectra of supernatant 
dispersions of DNA: BNNT = 1:1 mass ratio using (GT)20, and (C) photographs of bulk 
dispersions of DNA-BNNTs. All samples were diluted by a factor of 100x in DI water for 
absorbance measurements.

The post-synthesis purification of an as-grown BNNT material is important for 

producing aligned solid materials such as films and fibers with outstanding properties.[47], 

[116] Here, we demonstrate the purification of aqueous dispersions of DNA-BNNTs via 

a membrane filtration method and self-assembly of aligned BNNT films from a 

concentrated dispersion of purified DNA-BNNTs. After filtration, BNNTs can be easily 

re-suspended in DI water by vortex mixing due to the DNA coating on the nanotube 

surface. Figure 3.7 compares absorbance spectra of a purified DNA-BNNT dispersion by 

membrane filtration with that of a stock dispersion. A dominant absorption peak at 205 

nm corresponding to that of a DNA-BNNT hybrid was clearly observed for purified DNA- 
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BNNTs collected in the retentate after membrane filtration. We speculate that the 

manifestation of a sideband near 260 nm in the purified sample is intrinsic to BNNTs and 

may provide valuable information about phonon bands and optical activities relating to 

BNNT structures in future work.[163] In addition, the decrease in characteristic peaks at 

190 and 220 nm corresponding to that of non-nanotube impurities such as elemental boron 

and h-BN structures for purified DNA-BNNT dispersions as well as the maintenance of 

those peaks in the permeate indicate the effective removal of the majority of impurities by 

filtration. Our purification approach produced DNA-BNNT dispersions that are highly 

enriched in individually dispersed nanotubes compared to those obtained from heat treated 

BNNT material, which was aimed primarily for eliminating elemental boron from an as- 

synthesized BNNT material (Figure 3.6).[153]

187 212 237 262 287 312 337
Wavelength (nm)

Figure 3.7. Absorbance spectra of (GT)20-BNNT aqueous dispersions before and after 
membrane filtration of a stock dispersion of BNNTs:DNA = 1:1 (mass basis) using a 
centrifugal filter with a molecular weight cutoff of 30 kDa.

The microstructure of purified DNA-BNNT dispersions at increasing 

concentrations of nanotubes was characterized by optical microscopy. Notably, uniform 

dispersions of nanotubes were maintained when evaporating a low concentration 
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dispersion of purified (GT)20-BNNTs containing an excess of DNA to as high as ~ 11.5 

mass % of DNA-BNNT hybrids (Figure 3.8). We tested membrane filtered BNNTs:DNA 

= 1:0.75 supernatant at various concentrations. A uniform dispersion of DNA-BNNTs with 

no nanotube aggregations were observed for a dilute dispersion of 0.15 mass % of DNA- 

BNNT hybrids as shown in Figure 3.8A. For a concentrated dispersion of 11.5 mass % of 

DNA-BNNTs, a texture resembling that of wavy sand was observed indicating possible 

self-assemblies of nanotubes at high concentrations (Figure 3.8B). More importantly, 

nanotube aggregations were not observed as the concentration of nanotubes was increased 

up to 11.5 mass % DNA-BNNT hybrids by evaporating the solvent water.

Figure 3.8. Optical microscopy of membrane filtered DNA-BNNT dispersions at (A) 0.15 
mass % of DNA-BNNT hybrids and (B) 11.5 mass % of DNA-BNNTs. Arrows point to 
the region of aqueous DNA-BNNT dispersions and arrowheads indicate the boundary of 
DNA-BNNT dispersions.

Solid BNNT films were fabricated by allowing concentrated and purified 

dispersions (~ 11.5 mass % of DNA-BNNT hybrids) to dry on a plasma treated silicon 

substrate without applied shear at ambient conditions. SEM of these films (Figure 3.9) 

revealed an aligned, densely packed structure composed of DNA/BNNT bundles after 

solvent removal. Bundles size was measured to be (143 ± 30) nm in diameter. To our 
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knowledge, this is the first demonstration of solid BNNT films produced by spontaneous 

alignment of DNA-BNNT hybrids. The spontaneous alignment of BNNTs obtained in 

dried solid films may be driven primarily by an increase in BNNT translational entropy 

with the reduction in BNNT excluded volumes as the nanotube concentration increases 

with solvent evaporation. This phenomenon has been the subject of many current studies 

involving self-assembly of anisotropic building blocks where the ordering is driven by 

maximizing entropy.[164], [165] In addition, emerging advances in the self-assembly of 

mesogenic nanomaterial dispersions,[166] including SWCNTs,[142], [144], [167] provide 

a foundation to better understand relationships between the phase behavior of DNA-BNNT 

dispersions, properties of solid assembled materials, and their processing conditions in 

future work. These important parameters will include the concentration and alignment of 

nanotubes in the dispersion precursor, substrate conditions, and shear and temperature 

during processing of solid films. Interestingly, the microstructure of aligned BNNT films 

resembles that obtained previously for solid films produced from a cholesteric liquid 

crystalline phase of SWCNTs stabilized by double-stranded DNA (dsDNA).[144] In 

addition, smooth surface morphology similar to that of dsDNA-SWCNT films was 

obtained due to uniform DNA coating of dried films while the alignment of nanotubes was 

observed beneath the outer thin layer of films. Relative to the DNA-stabilized BNNT 

films, the films without nanotubes exhibit high brittleness and break in glassy pieces when 

scribing to reveal the smooth underside of the films (Appendix A4). Our results indicate 

that DNA can effectively stabilize BNNTs in an aqueous environment and the removal of 

solvent by evaporating aqueous dispersions that are highly enriched in individually 

dispersed DNA-BNNT hybrids promotes the self-assembly of nanotubes into aligned 

56



films. This work could potentially provide a foundation to develop large area assemblies 

of BNNTs such as films and fibers with improved morphology and properties.

Figure 3.9. (A) SEM image of an aligned DNA-BNNT film formed by solvent evaporation 
of purified dispersions of BNNTs:DNA = 1: 0.75 mass ratio (~ 11.5 mass % of DNA- 
BNNT hybrids) without applied shear. (B) Surface morphology of the film showing the 
alignment of densely packed nanotube bundles.

3.4. Conclusion

In summary, we have demonstrated a highly effective dispersion methodology of 

BNNTs in an aqueous environment using DNA and produced assembled solid films with 

improved nanotube alignment and purity. Similar to the binding of DNA to SWCNTs, our 

results showing the aqueous dispersion of DNA-BNNTs suggests the surface coating of 

nanotubes by DNA and the fraction of DNA-BNNT hybrids in dispersions depended on 

the BNNTs/DNA mass ratios. Purification of DNA-BNNT dispersions by membrane 

filtration resulted in the enrichment of dispersed nanotubes. Evaporation of concentrated, 

purified dispersions led to the formation of films comprising aligned DNA/BNNT bundles 

that has not been previously achieved. Our work establishes a method for the effective 

dispersion of BNNTs using biopolymer DNA, which may help guide the controlled and 

tailored liquid phase processing of BNNTs for applications in multifunctional materials, 

57



such as films and fibers with enhanced properties for thermal interface material, protective 

fabrics, and electronic and optoelectronic applications.
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CHAPTER IV

COSOLVENT-ASSISTED COMPLEXATION OF BORON NITRIDE 

NANOTUBES WITH DNA

4.1. Introduction

Stable dispersions of boron nitride nanotubes (BNNTs) enable the effective 

translation of unique properties of individual nanotubes into macroscopic assemblies using 

industrially viable, liquid phase processing techniques. A broad range of applications has 

been envisioned for BNNTs, such as thermal management materials,[150], [168], [169] 

water purification and desalination,[170]-[172] protective coatings,[173], [174] and 

nanomedicine,[175], [176] due to the promising mechanical, electrically insulating, 

thermal, and physiochemical properties of nanotubes. BNNT-enabled applications require 

versatile processing approaches, where nanotubes are generally integrated with other 

nanomaterials and polymer solutions in various solvents to achieve property control and 

enhancement. A main challenge in this process is to uncover the triangular effect of 

nanotube-solvent-dispersant interactions to obtain scalable dispersions of BNNTs with 

minimal energetic cost of debundling nanotubes in a solvent. To date, covalent 

modification has been explored for BNNT dispersions; however, this approach often 
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causes permanent change in the B-N lattice structure from sp2 to sp3 orbital hybridization 

that may deteriorate nanotube properties.[90], [94] In comparison, noncovalent 

complexation of BNNTs with surfactants, polymers, small molecules, and biomolecules 

assisted by sonication has been found to be a simple way of dispersing BNNTs in various 

solvents, including water - a useful solvent for many applications, particularly in 

biology.[103], [112], [177]-[179] Additionally, solvent-nanotube interaction has been 

optimized to disperse BNNTs without adding dispersants using chlorosulfonic acid,[44], 

[117] a true solvent for BNNTs, that does not require sonication as well as using good 

solvents[180] for BNNTs, such as dimethyl formamide (DMF), ethanol (EtOH) and 

isopropyl alcohol (IPA), with the assistance of sonication. Solvents containing amide or 

hydroxyl groups induce hydrogen bonding interactions with BNNTs, which exhibit an 

electron deficiency of B atoms due to partially ionic B-N bonds, thereby leading to 

dispersion of a low concentration of BNNTs.[37], [180] Various cosolvents of tunable 

solubility parameters have been exploited to disperse BNNTs as well, however, this 

method generally resulted in low concentration dispersions with poor stability.[181]

In comparison, alcohol/water cosolvents have been successfully utilized for 

achieving dispersions of carbon nanotubes and boron nitride nanosheets, that are one

dimensional (1D) and 2D counterparts of BNNTs, with improved stability and yield.[182]- 

[185] Molecular dynamics simulations have revealed the pseudosurfactant role of 

alcohols, such as EtOH and t-butanol, in solvating these nanomaterials in alcohol/water 

mixtures.[182], [183] Specifically, alkyl groups of alcohol molecules interact with 

nanomaterials, shielding them from the unfavorable interactions with polar water solvent 

with high dielectric constant (« 80), and the hydroxyl group of alcohols exposed to water 
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with hydrogen bonding to stabilize nanomaterials in alcohol/water cosolvents. Streit et al. 

further exploited a methanol (MeOH)/water cosolvent to disperse DNA-wrapped single

wall carbon nanotubes (DNA-SWCNTs) under mild bath sonication as well as displacing 

a strong surfactant (i.e., sodium deoxycholate) coating for SWCNTs by arbitrary DNA 

sequences with simple mixing.[156] These arbitrary DNA-SWCNT complexes are stable 

in both water and MeOH/water mixture and further enable purification of single-chirality 

SWCNTs using recognition DNA sequences by a polymer aqueous two-phase separation 

method.[22], [156] Additional alcohol/water cosolvents composed of EtOH and IPA were 

tested, however, they did not disperse DNA-SWCNTs.[156]

Exploiting the solvation behavior of BNNTs assisted by dispersants (i.e., DNA) in 

solvents or cosolvents is important to minimize energetic cost of producing dispersant- 

BNNT complexes, that are highly stable for versatile processing, such as dispersion, 

assembly, and characterization. Dispersion process that does not rely on harsh sonication 

is also beneficial for preserving intrinsic properties of BNNTs by attenuating defect 

generation and cutting of tubes as well as preventing damage to dispersants (i.e., 

DNA).[119], [186] Maintaining longer nanotubes during processing is required for 

producing mechanically strong fibers and nanocomposites.[142] Consequently, it is 

desirable to develop a rapid method for length determination of bulk BNNT samples in 

liquid media as compared to imaging of a small quantity of nanotubes (thousands of tubes) 

that are deposited on a substrate. In addition, microcopy-based method is time consuming, 

less sensitive toward distinguishing individual and bundled tubes, and prone to artifacts 

caused by differential binding of nanotubes to a substrate due to different surface 

coatings.[123], [160], [187] Parra-Vasquez et al. developed a reliable rheological method 
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to assess the length distribution of SWCNTs (~ 1015 tubes) from dilute dispersions based 

on the rheological behavior of Brownian rigid rods in dilute regime.[123], [133], [187] 

Most recently, BNNTs have been demonstrated to behave like model rigid rods undergoing 

Brownian motion.[125]

We have previously demonstrated that DNA-BNNT complexes prepared by probe 

tip sonication in water are highly stable up to ~ 11.5 % (mass basis) and allow purification 

and assembly of BNNT dispersions into solid aligned films.[178] Here, we report a 

comprehensive work on producing stable DNA-BNNT complexes with improved 

dispersion yield at a reduced energetic cost under mild bath sonication by exploiting 

alcohol/water cosolvents as well as determining length of dispersed tubes by rheology. The 

resulting DNA-BNNT complexes are stable in both water and alcohol/water mixture, 

enabling various processing and characterization of samples, such as purification, solvent 

exchange, and subsequent rheology measurements of aqueous dispersions of DNA- 

BNNTs. In addition, molecular dynamics simulations were used to examine the solvation 

behavior of BNNTs in IPA/water mixture, revealing the pseudosurfactant role of IPA in 

dispersing BNNTs.

4.2. Experimental section

4.2.1. Materials

Synthetic few-wall BNNT material (puff ball, lot no: 719171) was purchased from 

BNNT, LLC (Newport News, VA). DNA from herring sperm (crude oligonucleotides, bp 

<50, lot no: SLBW1026, Sigma-Aldrich), Sodium deoxycholate (SDC, >98% BioXtra, 

Sigma-Aldrich), sodium dodecyl sulfate (SDS, >99% BioXtra, Sigma-Aldrich), methanol 
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(MeOH, >99.9%, Sigma-Aldrich), ethanol (EtOH, 100%, Decon Labs, Inc.) and isopropyl 

alcohol (IPA, >99.5%, Sigma-Aldrich) were used as received.

4.2.2. Dispersion of BNNTs

Synthetic few-wall BNNT material (puff ball, lot no: 719171) was purchased from 

BNNT, LLC (Newport News, VA). DNA from herring sperm (crude oligonucleotides, bp 

<50, lot no: SLBW1026, Sigma-Aldrich), Sodium deoxycholate (SDC, >98% BioXtra, 

Sigma-Aldrich), sodium dodecyl sulfate (SDS, >99% BioXtra, Sigma-Aldrich), methanol 

(MeOH, >99.9%, Sigma-Aldrich), ethanol (EtOH, 100%, Decon Labs, Inc.) and isopropyl 

alcohol (IPA, >99.5%, Sigma-Aldrich) were used as received. Dispersions of DNA- 

wrapped BNNTs (i.e., 1mg/mL BNNTs-1 mg/mL DNA) were prepared in a total volume 

of 1 mL mixed solvents of deionized (DI) water and alcohols including MeOH, EtOH, and 

IPA, respectively, by bath sonication (Fisher Scientific, Model no: 15337418, 5.7 Liter 

capacity) at room temperature for 24 hours, unless indicated otherwise. The alcohol 

contents in mixed alcohol/water solvents were varied from 0 to 100 vol%. Supernatant 

dispersions were collected after 90 min centrifugation at 17,000 g and 19 oC and were used 

as stock DNA-BNNT dispersions. Additionally, dispersions of 1 mg/mL BNNTs by 

surfactants (i.e., SDS and SDC) at a final concentration of 1 mass% surfactant were 

prepared by bath sonication for 24 hours in a total volume of 1 mL solvents including DI 

water and a IPA/water mixture with 50 % (v/v) IPA, followed by centrifugation at 17,000 

g for 90 min at 19 oC to collect supernatant samples. Comparative study of BNNT 

dispersions prepared by probe tip sonication was performed based on our previously 

reported method.[178] Briefly, 1mg/mL BNNTs were mixed with a total volume of 1 mL 

aqueous solution of either 1 mg/mL DNA or 1 mass% surfactant (i.e., SDC or SDS), and 
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sonicated (model VCX 130, Sonics and Materials, Inc.) in an ice bath for 1 hour at a power 

level of 8 W using a 2 mm diameter probe. The subsequent steps for collecting supernatant 

samples were the same as above described procedures.

4.2.3. Displacing DNA coatings of BNNTs by surfactant

Stock solution of 10 mass% SDC in DI water was prepared for DNA/surfactant 

exchange reaction of BNNTs. First, solvent exchange was performed by membrane 

filtration for the stock sample prepared from DNA-BNNT dispersions in IPA/water 

mixture with 50 % (v/v) IPA using a Microcon® centrifugal filter with a molecular weight 

cutoff (MWCO) of 30 kDa according to our previously reported procedure.[178] After 

membrane filtration, DNA-BNNT complexes were re-dispersed in DI water, while 

impurities being removed with this treatment as well. Then, 5 uL of stock SDC solution 

was mixed with 500 uf of DNA-BNNT sample in water to obtain a final concentration of 

0.1 mass % SDC. The mixture was incubated in a water bath at 30 °C for 30 min to 

facilitate the surfactant exchange.

4.2.4. BNNT characterization

UV-vis absorbance measurements were performed using a Jasco V-760 

spectrophotometer over the wavelength range 190-800 nm using a 10 mm path length 

quartz cuvette. All BNNT dispersions were diluted by a factor of 100 x in DI water for 

UV-vis absorbance measurements unless indicated otherwise. The concentration of DNA- 

BNNT complexes was determined using an extinction coefficient of 0.0926 L mg-1 cm-1 

at 205 nm wavelength based on our prior work.[178] For peak fitting using Python 3.8.0, 

the deconvoluted absorption peak of BNNTs at 205 nm was obtained by performing a 

linear regression of absorption peaks of each component (i.e., free DNA and BNNTs, 
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respectively) to obtain a global fitting of the measured absorbance spectra of DNA-BNNT 

samples.

Imaging of BNNT samples were performed using a high-resolution field emission 

scanning electron microscope (SEM), Inspect F50 by FEI, equipped with an Everhart- 

Thornley detector with variable grid bias. Particularly, dried samples of aqueous 

dispersions of DNA- and SDC-coated BNNTs from surfactant exchange were imaged for 

nanotube length distribution analysis. BNNT samples were deposited and dried on a 

plasma treated silicon substrate followed by gold sputtering for SEM imaging at 5 kV. 

ImageJ software was used to record the lengths of DNA-BNNT and SDC-BNNT 

complexes obtained from SEM images. The significance in the shift of number-average 

lengths of BNNTs was statistically addressed using the nonparametric Mann-Whitney U- 

test at 95% confidence level. Statistical analyses were performed using R statistical 

tool.[188]

4.2.5. Rheology of dilute DNA-BNNT dispersions

The length distribution of nanotubes was determined by rheology of dilute, aqueous 

dispersions of DNA-BNNTs. Solvent exchange of BNNT samples from IPA/water 

mixture to water only was performed for stock samples prepared from DNA-BNNTs in 

IPA/water mixture containing 50 % (v/v) IPA by membrane filtration using a 50 mL 

Amicon® stirred cell with a 30 kDa Regenerated Cellulose membrane (operating pressure 

< 5 bar). This process removes impurities and excess, unbound DNA (i.e., free DNA) as 

well. After membrane filtration, purified DNA-BNNT complexes were re-suspended in 

DI water and bath sonicated for 1 hour at room temperature. Aqueous dispersions of DNA- 

BNNTs were further diluted in DI water to obtain various samples of different BNNT 
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concentrations in the dilute regime for rheological characterization using Anton Paar 

(GmbH) Physica MCR 301 rotational rheometer. Steady shear viscosities (^) of DNA- 

BNNT samples were measured in the shear rate range from 1 to 100 s-1 using a double gap 

geometry (I.D. = 24.655 mm, O.D. = 26.668 mm) at 10 oC. A step rate test was performed 

to determine the time required to achieve a steady-state flow. Error bars were obtained 

from four replicates consisting of two separate loads of samples with two measurements 

for each load. The volume fractions (0) of nanotubes of DNA-BNNT dispersions were 

determined using a BNNT density of 1.50 g cm-3 by taking the average of previously 

reported values.[189], [190] DNA-BNNT dispersions with viscosities roughly below twice 

the solvent viscosity ps (i.e., water) were considered as samples in the dilute regime.[187], 

[191]

4.2.6. Simulation method

The simulated system consisted of a single BNNT of chirality (6,5) 1 unit-cell in 

length (4.8302 nm). The BNNT is periodic in the z-dimension creating an infinitely long 

nanoparticle that was solvated with the appropriate number of solvent molecules to achieve 

alcohol concentrations of 0, 20, 40, 60, 80, and 100 mol % (Table B1). All simulations 

were performed using GROMACS (ver. 2018.2)[192] applying the TIP4P model for 

water[193] and the CHARMM36 forcefield[194] for treatment of all alcohols. The 

forcefield for the BNNTs was taken from Wu et al.[195] A simulation timestep of 2 fs was 

achieved by utilizing the LINCS constraint algorithm[196] to prevent high frequency 

oscillation of all hydrogen-containing bonds. Equilibration was carried out first for 200 ps 

in the NVT ensemble using a velocity rescaling thermostat[197] to maintain the 

temperature at 300 K, followed by 200 ps in the NPT ensemble making use of the
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Parrinello-Rahman barostat[198] to maintain a pressure of 1 atm. The barostat was applied 

in a semi-isotropic manner in order to maintain the correct box-size in the z-dimension 

which corresponds to the length of the periodic BNNT unit cell. Following these 

equilibration steps, data was collected over production runs of 100 ns. The change in Gibbs 

free energies of solvation, AGsoiv, of the BNNTs were calculated using the free energy 

perturbation (FEP)[199] approach used previously to measure the solvation energies of 

single-wall carbon nanotubes.[182] This allows for the BNNT to be decoupled from the 

solution by effectively turning off the pair interactions. The end-points of this decoupling 

procedure thereby represent a solvated BNNT and a BNNT in vacuum. The intermediate 

“ghost states” exist only in silico and use soft-core Lennard-Jones type potentials to avoid 

singularities. For each system, 60 intermediate decoupling states were used (20 for the

Coulombic interactions and 40 for the van der Waals interactions). Results of this method 

were analyzed using Bennet Acceptance Ratios (via the gmx bar module) to yield free 

energy differences.[200], [201]

The decoupling procedure above yields a change in the system size due to the 

removal of the BNNT. Shirts et al.[199] have developed a method to correct for this 

volume change in the final free energy result by using the ratio of the initial and final

system volumes (equation 8).

AGsolv = AGsim kTln(i) (8)-

Here Vt denotes the initial system volume with full solute/solvent interaction and

Vf is the final volume of a box of pure solvent with the same number of molecules. In our 

simulations, the largest observed volume change was roughly 3%, yielding a correction 
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factor on the order of ~80 J/mol. This correction value is much lower than the statistical 

uncertainty of our simulations and can therefore be neglected in all cases.

4.3. Results and Discussion

We show that alcohol/water cosolvents, particularly isopropyl alcohol (IPA), are 

essential for the complexation of BNNTs with DNA under mild bath sonication. The 

resulting DNA-wrapped BNNT complexes are highly stable during purification and 

solvent exchange from cosolvents to water, providing potential for the versatile liquid

phase processing of BNNTs. Via molecular dynamics simulations we demonstrate that 

IPA assists in the solvation of BNNTs due to its pseudosurfactant nature by verifying that 

water is replaced in the solvation layer as IPA is added. Additionally, we quantify the 

solvation free energy of BNNTs in various IPA/water mixtures and observe a non

monotonic trend, highlighting the importance of utilizing solvent-nanotube interactions in 

nanomaterial dispersions. Additionally, we show that nanotube lengths can be

characterized using rheology via measurement of the viscosity of dilute dispersions of 

DNA-BNNTs. This represents the bulk sample property in the liquid state, as compared 

to the conventional surface deposition method of imaging dried samples. Our results also 

demonstrate that BNNT dispersions exhibit the rheological behavior of dilute Brownian 

rigid rods, which can be further exploited for the controlled processing and property 

enhancement of BNNT-enabled assemblies such as films and fibers.

Noncovalent complexation of nanomaterials with dispersants, such as surfactants, 

polymers, and biomolecules, has been widely utilized for achieving stable dispersions of 

nanomaterials in various solvents, while preserving the chemical structures and intrinsic 

properties of nanomaterials. It also offers vast potential for designing dispersant- 
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nanomaterial complexes with added functionalities through introducing tailored functional 

groups for biological sensing and imaging, directed assembly, and overall property 

enhancement.[154] DNA-wrapped SWCNTs have been considered as a model system to 

study the solvation energy of macromolecular objects with unique surface functionalities 

and to develop applications, particularly separation of pure-chirality SWCNT species for 

biomedical sensing, imaging, and therapeutic applications.[22], [202]—[205] Surfactants, 

such as sodium deoxycholate (SDC) and sodium dodecyl sulfate (SDS), are known to 

produce stable dispersions of SWCNTs in water by forming a bound interfacial layer of 

surfactants around SWCNTs.[206]-[208] In addition, various surfactants, including SDS, 

have been utilized for aqueous dispersions of BNNTs.[112] We previously demonstrated 

the effective dispersion of BNNTs in water using sequence controlled DNA, which form 

DNA-wrapped BNNT complexes via n-n stacking of hydrophobic DNA nucleotide bases 

and the hydrophobic surface of aromatic BNNTs.[120], [178] Here, we aim to produce 

stable BNNT dispersions with minimal energetic cost using mild bath sonication by 

exploiting the solvent-nanotube interactions.

We tested three dispersants including natural DNA (<50 base pairs), SDC, and 

SDS for stabilizing BNNTs in water and various alcohol/water mixtures (i.e., MeOH, 

EtOH, and IPA). Stable BNNT dispersions can be formed with DNA and surfactants (i.e., 

SDC and SDS) in water under probe tip sonication showing the characteristic BNNT 

absorption peak at 205 nm wavelength (Appendix B1). However, when using mild bath 

sonication, the dispersion yield of BNNTs in water decreased significantly for all three 

dispersants with less-resolved absorption peak of nanotubes (Appendix B1). We then 

changed the solvent to alcohol/water mixtures containing 50 % alcohol and found that 
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DNA can disperse BNNTs better in cosolvents of IPA, followed by EtOH, under mild bath 

sonication as compared to using water only, while MeOH/water mixture did not result in 

improved dispersions of BNNTs (Figure 4.1). In fact, IPA/water cosolvents enabled the 

stabilization of DNA-BNNT complexes at a higher dispersion yield with mild bath 

sonication as evidenced by the increased absorbance value at the 205 nm peak, compared 

to that of DNA-BNNT dispersions obtained by harsh tip sonication in water based on our 

previous work (Appendix B2).[178] The discrepancy of a poor dispersion of BNNTs in 

MeOH/water mixture as compared to that of SWCNTs reported by Streit et al. is likely due 

to different lattice structures of nanotubes, namely the partially ionic B-N bonds in BNNTs 

exhibiting a polar behavior versus the nonpolar carbon bonds in SWCNTs.[156]

a e e t ( m)

Figure 4.1. Absorbance spectra of supernatant dispersions of DNA-BNNT complexes 
prepared in alcohol/water mixtures containing 50 % (v/v) MeOH, EtOH, and IPA, 
respectively.

We then selected IPA/water cosolvents with 50 % IPA to disperse BNNTs using

SDC and SDS, however, both did not disperse nanotubes (Figure 4.2). The absorption 

observed in the UV region (< 220 nm) for SDC-BNNT sample is caused by the intrinsic 

absorption of SDC itself (Appendix B1). Although surfactants can stabilize BNNTs in 
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water, interactions between surfactants and nanotubes become weak in a less polar solvent, 

as individual surfactant molecules interact stronger with solvent molecules and become 

better solubilized.[156] Therefore, we selected IPA/water cosolvent for DNA-BNNT 

dispersions in the following work and kept the bath sonication time for 24 hours to ensure 

sufficient dispersions of nanotubes in cosolvents with various alcohol contents. However, 

the bath sonication time can be further reduced to 8 hours as demonstrated by DNA-BNNT 

dispersions in IPA/water mixture with 50 % IPA (Appendix B3).

a e e t ( m)
Figure 4.2. Absorbance spectra of supernatant dispersions of BNNTs coated by DNA, 
SDC, and SDS prepared in IPA/water mixture of 50 % IPA with 24 hr bath sonication.

We then tested how the alcohol content in IPA/water mixture affect the dispersion 

quality and yield of DNA-BNNT complexes. We found that the absorption at 205 nm peak 

corresponding to that of BNNTs barely increased up to 20 % IPA, then became much 

stronger with increasing IPA content up to 60 %, followed by a drastic decrease with further 

increase in IPA showing no sign of nanotube dispersions in IPA alone (Figure 4.3a, 

Appendix B4). The increase in IPA content leads to a decrease in the dielectric constant 

of the solvent reaching a value of ~ 36 at 60 % IPA.[209] In addition to behaving as 

pseudosurfactants, the lower dielectric constant and polarity of IPA likely plays a role in 
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increasing the solvation of BNNTs.[182] IPA may also behave as a better solvent for DNA, 

assisting the wrapping conformation to occur on the surface of nanotubes. However, the 

solvation of DNA begins to decrease at 70 % IPA and DNA became insoluble in IPA alone 

(Figure 4.4). In fact, alcohols including EtOH and IPA have been frequently used for DNA 

precipitation and extraction.[156], [210] The precipitation of DNA at higher IPA content 

likely relates to the significant decrease in the stabilization of BNNTs in IPA/water 

mixtures at 70-100 % IPA due to lack of interactions between DNA and BNNTs (Appendix 

B4). Figure 4.3b shows the corresponding concentration of DNA-BNNT complexes 

stabilized in supernatant dispersions with increasing IPA content. At 60 % IPA, a nanotube 

dispersion yield of as high as ~ 48 % was obtained based on the BNNT absorption peak 

from peak fitting and an extinction coefficient of 0.0926 L mg-1 cm-1 at 205 nm for BNNTs 

(Appendix B5).[178] Our results suggest that IPA/water cosolvent drastically promotes 

the DNA complexation with BNNTs under mild bath sonication in the range of ~ 50-60 % 

IPA, however, DNA precipitation at higher IPA content (i.e., > 70 % IPA) leads to poor 

dispersions of DNA-BNNTs.
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Figure 4.3. Dispersions of DNA-BNNTs in IPA/water mixtures. (a) Absorbance spectra 
of DNA-BNNT complexes in water, IPA/water mixture containing 60 % IPA, and IPA, 
respectively. (b) The concentration of DNA-BNNT complexes as a function of increasing 
volume fractions of IPA from 0 to 100 % in IPA/water mixture. The error bars were 
obtained from the standard deviation of a minimum of three repeats.
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Figure 4.4. Absorbance spectra of DNA only solutions (without BNNTs) in IPA/water 
mixtures with increasing amount of IPA including (a) 0 - 50 % (v/v) IPA and (b) 60 - 100 
% (v/v) IPA.

Additionally, we performed MD simulations to examine the solvation behavior of

BNNTs in IPA/water cosolvents without adding DNA. Self-assembly of DNA on the 

surface of BNNTs in IPA/water mixtures is worthy of future studies, but it is first important 

to understand the mixed solvent behavior. Radial distribution functions (RDFs) yield 

information about solvent structure. RDFs of the water around the BNNT show that at 

concentrations as low as 20 mol% IPA (i.e., ~ 51.5 vol %), nearly all water has been 
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displaced from the solvation shell confirming its behavior as a pseudosurfactant (Figure 

4.5). Similar behavior has been previously reported for BNNSs and their interaction with 

t-butanol/water cosolvents.[183] This will have an effect on the single-stranded DNA 

adsorption as it will alter the ability to form hydrogen bonds.

Figure 4.5. RDF of water molecules around the BNNT. Depletion of water in the 
solvation layer indicates replacement by IPA molecules.

Free energy perturbation (FEP) reveals a non-linear trend in the solvation free 

energy of the BNNT as the IPA concentration increases (Figure 4.6). This is different from 

the behavior previously reported for SWCNTs in mixed solvents which gave a monotonic 

decrease.[182] The difference in the solvation energy can be described by the strong 

columbic interactions with the charged boron-nitride lattice which leads to more favorable 

solvation than with SWCNTs.[182] The value obtained for water results in a surface 

energy of 0.99 kJ/mol -A2 which compares well with the value of 0.84 kJ /mol -A2 

reported from previous simulations.[195] These complex interactions between the BNNT, 

cosolvents, and further dispersing agents such as DNA are part of ongoing characterization 

work and highlight the importance of utilizing solvent-nanotube interactions when seeking
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novel nanomaterial processing techniques.

Figure 4.6. Solvation free energies of BNNTs in IPA/water mixture systems.

Stabilizing DNA-BNNTs in IPA/water cosolvent using mild bath sonication 

requires minimal energetic costs and offers improved dispersion yield and scalability. We 

then evaluated the length distribution of BNNTs from dispersions prepared in the 

IPA/water mixture containing 50 % IPA. Nanotube dispersion state, including nanotube 

length, directly relate to the overall property enhancement of the resulting products, such 

as composite materials and assembled fibers. Initially, we performed the length 

distribution analysis of BNNTs via the conventional imaging of dried nanotube samples 

that are deposited on a plasma treated silicone substrate. SEM images (Figure 4.7) revealed 

that the lengths of deposited DNA-BNNTs were smaller than that of DNA displaced SDC- 

BNNTs.
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Figure 4.7. SEM images of (a) purified DNA-coated BNNTs and (b) SDC-coated BNNTs 
after displacing DNA with surfactant in water.

A manual counting of lengths of BNNTs was performed on SEM images of each 

explanatory variable, i.e., DNA-BNNTs and SDC-BNNTs. Figure 4.8a shows the 

histograms of lengths comparisons of BNNTs from each sample of -305 DNA-BNNT and 

-298 SDC-BNNT complexes. The distribution for SDC-BNNTs was shifted to longer 

BNNT lengths compared to that of DNA-BNNTs. The corresponding box and whisker 

plots for DNA-and SDC-coated samples are shown in Figure 4.8b. DNA- and SDC-coated 

BNNT samples were obtained from the same parent dispersion of DNA-BNNTs in 

IPA/water, which was later exchanged to water only using membrane filtration. Then, 

DNA coatings of aqueous dispersions of BNNTs were displaced by SDC and the 

corresponding absorbance spectra of BNNT dispersions remained essentially unchanged 

after DNA/surfactant exchange, indicating that the dispersion quality was maintained 

(Appendix B6). In addition, SDC is a strong surfactant known to displace DNA coatings 

on the surface of SWCNTs, and DNA/surfactant exchange reaction has been utilized 

previously to study the binding affinity of different DNA sequences to SWCNTs.[121], 

[211] After surfactant exchange, SDC-coated BNNTs resulted in a number-average length 
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of 372 ± 177 nm, which is roughly 21 % larger than that of DNA-coated BNNTs (i.e., 301 

± 177 nm). The detailed statistical analysis was performed on the response variable with 

respect to explanatory variables under the assumption that the samples were random and 

the distributions of the variable in the two populations were having the same shape.[188], 

[212] It affirms that the apparent length distributions of deposited BNNTs are affected by 

the wrapping type i.e., DNA vs. surfactant (Mann-Whitney U-test, p < 0.001). This 

discrepancy of BNNT length distribution is likely due to the differential binding of 

nanotubes to a substrate caused by different coating materials. Particularly, short and long 

SWCNTs coated by different DNA sequences tend to deposit on a substrate differently due 

to their differences in diffusion coefficients and electrostatic interactions with a substrate 

induced by sequence-dependent DNA density on the SWNT surface.[160], [213] This 

inherent bias of the surface deposition method can be mitigated by displacing DNA by a 

common surfactant (i.e., SDC), which tends to form a compact, uniform coating layer 

around the SWCNTs.[160], [208] Regardless, an alternative method for the length 

determination of BNNTs in their original liquid state from a bulk sample is necessary to 

accommodate the need of better characterizing BNNT dispersions.
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Figure 4.8. Length distributions of aqueous dispersions of DNA- and SDC-coated BNNTs 
in water. (a) Histograms of length distributions of BNNTs obtained from SEM imaging of 
~ 300 nanotubes coated by DNA and SDC, respectively. (b) The corresponding box and 
whisker plots comparing the number-average lengths of DNA-BNNT and SDC-BNNT 
samples (Mann-Whitney U-test, p < 0.001). The boxes represent the 25-75 percentile data 
and median values from imaging ~ 300 tubes, while average values are indicated by the 
cross symbols. The whiskers represent minimum and maximum values while outliers are 
indicated by the solid circles.

Rheological measurements have long been an invaluable tool to study properties of 

polymers, providing important information such as molecular weight, crosslinked network, 

alignments, and phase transitions.[214] Later, the established field of rheology for rod

like polymers has been extended to rigid rod-like nanomaterial dispersions, which enabled 
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researchers to discover important behaviors of various nanomaterials - including SWCNTs 

- from flow-induced microstructures to liquid crystalline phase formation.[126], [127], 

[215] A simple rheological method was also developed to determine the SWCNT length 

by expanding the theory of the rheological behavior of Brownian rigid rods to nanotubes 

in dilute regime.[123], [133], [187] The suspension of Brownian rods behaves as 

Newtonian liquids at low shear rate y, because the rod orientational distribution is 

unaffected by the flow. With increasing shear rate, rods start aligning with the flow, 

accompanied by a decrease in viscosity. Recent work demonstrated that BNNTs of micron 

length can undergo Brownian motion and behave as ideal rigid rods.[125]

Similarly, we determined the viscosity average length of BNNTs by measuring the 

zero-shear viscosity of aqueous dispersions of DNA-BNNT complexes in the dilute 

regime. DNA-BNNT dispersions with viscosities roughly below twice the solvent 

viscosity ps (i.e., water) were considered as samples in the dilute regime.[187], [191] We 

first removed excess, unbound DNA from aqueous dispersions of DNA-BNNTs by 

membrane filtration to eliminate the effect of free DNA on the overall viscosity 

measurements. Then, purified DNA-BNNT dispersions were diluted in water to obtain 

various nanotube concentrations ranging from 132 - 3453 ppm vol (i.e., 199 - 5180 mg/L), 

based on the extinction coefficient of 0.0926 L mg-1 cm-1 at 205 nm for BNNTs (Figure 

4.9).[178]
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Figure 4.9. Absorbance spectra of aqueous dispersions of purified DNA-BNNTs in the 
dilute regime. Samples were diluted by a factor of 100x in DI water for UV-vis absorbance 
measurements, excepts for the dispersion with 3453 ppm BNNTs, which was diluted by a 
factor of 200x in DI water. Stock sample was prepared from DNA-BNNT dispersions in 
IPA/water mixture with 50 % IPA. Instrument errors for absorbance values above 1.5 and 
2.0 were accounted to be 8 ± 2 % and 19 ± 2 %, respectively.

Figure 4.10a shows the steady-shear viscosity ^ of dilute dispersions of DNA- 

BNNTs as a function of shear rate from 1 to 100 s-1. In general, we observed increase in 

viscosity when BNNT concentration increased and a shear thinning behavior was observed 

for samples at nanotube concentrations of 846 ppm vol and higher at higher shear rates. 

Particularly, the viscosity drastically increased from 1760 to 3453 ppm vol, clearly 

showing the shear thinning behavior starting at a shear rate of y ~ 2.5 s-1. Based on the

rheological theory for Brownian rigid rods in dilute region, as detailed in the section 2.5, 

the corresponding reduced viscosity yred = V - Vs

Vs^ ’
where 0 is the volume fraction of

nanotubes, of aqueous dispersions of DNA-BNNTs overlaid at all shear rates, as expected 

for noninteracting rods in a dilute regime (Figure 4.10b).[123] By fitting the reduced 

viscosity of each DNA-BNNT dispersion using Carreau-Yasuda model, we can extract the 

intrinsic viscosity [^] = lim v0 ^s, where q0 corresponds to the zero-shear viscosity in
0 >0 VsV '
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the Newtonian regime below y ~ 2.5 s-1. This yielded [^] = 360 ± 65, corresponding to an 

average aspect ratio of L/De = 78 ± 9, where L is the nanotube length and De = 2Re is the 

effective diameter of the DNA-BNNT complex, based on the Kirkwood-Auer-Batchelor 

(KAB) relationship (equation 9) for a dilute dispersion of Brownian rods, as defined

below.[123], [126], [133]

hl = lim0^0
Vo - Vs 

Vs^

2 (L/Re)2
45 [In (L/Rg)]

/1 , 064 \
/ 1+ln (L/Re) + 1-659
V-in (L/ReJ (ln (^Re)) .

(9)

Here, Re = R + a refers to the effective radius of the DNA-BNNT complex, where 

R is taken as the radius of nanotubes plus the average van der Waals radius (i.e., ~ 0.14 

nm) of boron and nitrogen atoms (i.e., 1.485 A° for boron and 1.397 A° for nitrogen)[216] 

and a ~ 0.5 nm[160], [217] was estimated for the effect of DNA size coated on the surface 

of nanotubes. By taking the average of previously reported values for BNNT diameter 

(i.e., D = 4.9 nm),[94], [125], [218], [219] we estimated De ~ 6.2 nm in our sample. This 

leads to a viscosity average length of L = 484 ± 53, which differs by ~ 26 % as compared 

to that of SDC-coated BNNTs from the surface deposition method. While instrument 

sensitivity can account for 5-10 % error in viscosity measurements,[123] rheological 

characterization relying on bulk samples in a liquid state can be utilized as a simple, reliable 

method for determining nanotube length by mitigating artifacts introduced in sample 

preparation and analysis of dried samples on a substrate. Our results also demonstrate that 

BNNTs dispersed in water share the similar rheological behavior of Brownian rods, which 

can be potentially taken advantage of for self-assembly of macroscopic materials utilizing 

previously established liquid phase processing of rigid polymers and other nanomaterials.
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Figure 4.10. Rheology of aqueous dispersions of DNA-BNNTs in dilute regime. (a) 
Steady shear viscosity as a function of shear rate at BNNTs concentrations from 132 to 
3453 ppm vol measured at 10°C. For samples at low concentrations of 132 and 298 ppm 
vol, viscosity measurements at lower shear rate were not obtained due to instrument 
limitations. (b) Reduced viscosity as a function of shear rate for DNA-BNNT dispersions 
at BNNT concentrations from 608 to 3453 ppm and the calculated average reduced 
viscosity (i.e., model) based on Carreau-Yasuda model to extract plateau to the zero-shear 
reduced viscosity. The slope in the shear thinning region is determined to be - 0.3.

4.4. Conclusion

In summary, we have demonstrated an effective method for the complexation of

BNNTs with DNA by exploiting the alcohol/water cosolvents in dispersing nanotubes.
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IPA with a lower dielectric constant and polarity significantly increased the dispersion 

yield of DNA-BNNT complexes at 60 % IPA with mild bath sonication up to ~ 48 %, 

which is more effective than dispersing DNA-BNNTs in water by probe tip sonication. 

The resulting DNA-BNNT complexes obtained in IPA/water mixtures are highly stable in 

water as well after a solvent exchange process, providing potential for the versatile 

processing of BNNTs for applications, such as biomedical sensing and water-based 

coatings. In comparison, EtOH slightly improved the dispersion outcome of DNA- 

BNNTs, while MeOH did not result in an obvious dispersion of BNNTs. Results from our 

MD simulations showed that water is quickly removed from the solvation shell upon the 

addition of IPA. This pseudosurfactant behavior agrees with the experimentally observed 

improvement for dispersion in IPA/water solutions. Furthermore, we used FEP to calculate 

solvation energies and determined that the Columbic interactions (not present in SWCNTs) 

result in a non-monotonic relationship between kGsoiv and IPA concentration. Upon 

addition of 20 vol% IPA the solvation energy decreases when compared to that in pure 

water. However, as more IPA is added the solvation energy increases (meaning a more 

favorable dispersion) to a maximum in the range of 60-80 vol% IPA. This has been shown 

to agree with our experimental observations. In addition, we showed that the nanotube 

length can be determined by rheology utilizing dilute dispersions of DNA-BNNTs, opening 

new possibilities for the controlled assembly and processing of BNNTs by exploiting the 

Brownian rigid rod behavior of nanotubes. Combined, our work provides insights for 

exploring the nanotube-dispersant-solvent interactions and the behavior of Brownian rigid 

rods to obtain scalable dispersions and controlled processing of BNNTs for applications.
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CHAPTER V

LIQUID DISPERSIONS OF HEXAGONAL BORON NITRIDE NANOSHEETS 

STABILIZED BY DNA

5.1. Introduction

Since researchers reported the first isolated atomically thin hexagonal boron 

nitride hBN in 2008, they have been used in a wide range of applications due to their unique 

properties. More recently, they have started to gain significant attention in cosmetic 

industry applications, especially as sunscreen for protection to skin against solar radiation. 

Solar radiation that is mainly detrimental to the human body is composed of three types of 

UV light depending on the UV wavelength: UVC (200-290 nm), UVB (290-320 nm), and 

UVA (320-400 nm).[220] While UVC is mostly blocked by the ozone layer, high energy 

solar radiation including UVB and UVA however can damage human skin when exposed 

to over a period of time. This results in implications from a minor sunburn, to redness of 

skin, or even serious damage to DNA in an human body.[221] In addition, it results in 

degeneration of elastin and collagen in skin, leading to wrinkles formation on the skin.

It has been reported that many commercially available sunscreen products in the 

market consist of a high level of organic compounds to protect from solar UV light.
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However, prolonged exposure of these organic substances on skin to UV result in 

implications such as phototoxic reactions.[63] On the other hand, several other inorganic 

sunscreen agents such as titanium dioxide, mica and boron nitride were also reported as 

effective UV blocking performers. This enables a fewer allergic reactions and less irritation 

on skin.[222] More recently, BN-coated CeO2 particles were reported to have improved 

transparency and UV protection comparatively with conventional TiO2 or ZnO-coated 

CeO2 particles.[64], [223] However, attempts to modify these inorganic materials such as 

BN sheets have been less reported to improve their efficacy.

In this study, we reported our preliminary work on noncovalent complexation of 

hBN nanosheets assisted by DNA. A highly concentrated and stable dispersions of DNA- 

hBN nanosheets in PBS were prepared. To begin with, UV-vis spectrophotometer and 

SEM were used to characterize dispersions of hBN nanosheets stabilized by DNA. Our 

results provided important insights and laid a foundation to develop potential cosmetic 

applications such as sunscreen, in our future work.

5.2. Experimental section

5.2.1. Materials

Synthetic hBN material (Powder AC6004, batch no: 19BSTA001) and cosmetic 

grade hBN material (Softouch CC6004, lot no: 19JSTA010) were acquired from 

Momentive Performance Materials. DNA from herring sperm (crude oligonucleotides, 

bp<50, lot no: SLBW1026, Sigma-Aldrich), phosphate buffered saline solution (pH 7.43, 

lot no: SLCF6818, Sigma-Aldrich) were used as received. Sodium deoxycholate (SDC, 

>98%, BioXtra) and sodium dodecyl sulfate (SDS, >99%, BioXtra) were purchased from 
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Sigma-Aldrich. Dulbecco's Modified Eagle Medium (DMEM) was purchased from 

AddexBio Technologies.

5.2.2. Dispersions of DNA-hBN complexes

The synthetic hBN material was dispersed at an initial concentration of 3mg/mL in 

PBS (pH 7.43) using DNA by maintaining a mass ratio of hBN:DNA = 1:2. Suspensions 

were probe tip ultrasonicated with a 0.75 in. diameter probe in an ice bath for 1 h at a power 

level of 50 W (model 550, Fisher Scientific). Samples were centrifuged at 3,260 g at 19 °C 

for 30 min to eliminate majority of the undispersed nanosheets and impurities. The 

supernatant samples were precipitated to remove excess DNA by adding a final 

concentrations of 1.5 M NaSCN and 6 mass % PEG, and the mixture was incubated 

overnight at 4 °C followed by a centrifugation at 3,260 g for 30 min. After centrifugation, 

the supernatant was removed, and the pellet was re-dispersed in DMEM by bath sonicating 

for 30 min for cell cytotoxicity studies.

To determine the dispersion yield of hBN-DNA hybrids, we prepared hBN samples 

using both small scale and large-scale approaches. Briefly, for a large-scale dispersion 

methodology of hBN sheets, we prepared an initial mixture of cosmetic grade hBN at a 

concentration of 3mg/mL and 6 mg/mL DNA in 50 mL PBS (pH 7.43) buffer solution. 

This dispersion mixture was sonicated at 50 W for 1 h without pulse on/off. The bulk 

samples were centrifuged at 3260 G for 30 min to collect the supernatant samples. These 

supernatant samples were precipitated using 6% PEG and 1.5 M NaSCN and incubated 

overnight at 4 °C followed by a centrifugation at 3,260 G for 30 min. We discarded the 

supernatant and washed the pellet 4 times with water prior to concentrating each pellet to 

~33 times to eliminate any traces of PEG and NaSCN on the surface of pellet. ~3 |iL of 
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concentrated sample was separated to measure absorbance of excess DNA, which was later 

accounted into the dispersion yield calculation of hBN sheets (Appendix C1). The resulting 

sample volume was separated into four individual aluminum pans for drying over 24 hrs 

under sunlight followed by drying in an oven at 80°C for 24 hrs. The mass of empty pans 

was recorded. The amount of excess DNA was estimated using the extinction coefficient 

of DNA at 260 nm (Appendix C2) and was adjusted in a mass of dried sample. The total 

supernatant sample volume of ~290 mL was precipitated overnight with 6% PEG and 1.5M 

NaSCN and centrifuged at 3,260 G for 30 min and washed 4 times with PBS and 

resuspended in 2 mL of cell culture media (DMEM) for cytotoxicity studies.

The powder morphology of raw hBN material and supernatant samples of DNA- 

hBN complexes were imaged using a high-resolution field emission scanning electron 

microscope (SEM), Inspect F50 by FEI, equipped with an Everhart-Thornley detector with 

variable grid bias. hBN samples were deposited and dried on a plasma treated silicon 

substrate followed by gold sputtering for SEM imaging at 5 kV.

5.3. Results and Discussion

Our goal was to develop a high throughput and efficient dispersion methodology 

for hBN nanosheets for potential sunscreen application development. We used some of our 

previous knowledge from BNNT work to produce hBN dispersions assisted by DNA in 

PBS buffer saline solution. To start with, UV-vis spectrophotometer and SEM were utilized 

to characterize and determine the dispersion yield of hBN samples in PBS. Our results 

elucidated that DNA is not only an efficient dispersing agent to disperse hBN nanosheets 

through noncovalent complexation but also help stabilize the nanosheets as high 

concentrations as ~ 8 mass % in DMEM for cytotoxicity studies.
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For practical cosmetic applications, the powder morphology of starting material is 

an important issue. The powder morphology was initially examined using SEM. Figure 

5.1A shows the starting hBN powder where plate-like particles can be observed. Higher 

magnification SEM image (Figure 5.1B) shows that plate-like particles stacked upon one 

another, with an average grain size of -12-13 |im and surface area of 2 m2/g, as provided

by the Momentive Performance Materials, Inc.

Figure 5.1. SEM images of powder morphology of hBN nanosheets.

Anionic surfactants including SDC and SDS were initially utilized to help disperse 

hBN in water. The hBN supernatant samples were prepared using 1 mass% SDS in water 

to check the characteristic peak of hBN in the UV region. Samples were tip sonicated for 

1hr and centrifuged at 3,260 g for 30 min. I measured the absorbance spectra (Figure 5.2A) 

of 1 mass% SDS in water and hBN-1 mass% SDS supernatant samples. The concentration 

of hBN in supernatant sample was estimated to be 0.033 mg/mL using a reported extinction 

coefficient of 2367 mL mg-1 m-1 at 300 nm.[105] Although, we observed the absorbance of 

individually dispersed hBN-SDS in UV region, that is consistent with the previously 

reported studies,[52] the concentrations determined was significantly lower. On the other 

hand, UV-vis measurements of supernatant samples of 1 mass% SDC in water and hBN-1 

89



mass% SDC were performed (Figure 5.2B). The absorbance spectra of SDC in water was 

analogous to the absorbance spectra of SDC-hBN itself in the UV region, indicating that 

SDC is not efficient in dispersing hBN in water. Moreover, we speculate that, it is likely 

that we will not be able to get a stable dispersion of SDS-hBN at 1 mass% hBN 

concentration, especially after removing excess SDS. Second, SDS-hBN will be most 

likely not stable in cell culture medium. Third, it is likely SDS-hBN will not be stable in 

PBS buffer as well. Surfactants, including SDS, are toxic to cells. We need potentially 

biocompatible dispersing agents, such as DNA and other biomolecules for studying 

cytotoxicity and developing sunscreen applications.
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Figure 5.2. Absorbance spectra of aqueous dispersions of (A) hBN-SDS and 1 mass% 
SDS. (B) hBN-SDC and 1 mass% SDC.

We tested the dispersion capability of DNA via noncovalent complexation of hBN 

nanosheets in water and phosphate buffered saline solution (pH 7.43). Figure 5.3A 

compares the bulk (non-centrifuged) and supernatant sample of hBN in PBS. The 

dispersion color was observed to be whitish for bulk sample and clear for supernatant 

sample of DNA-hBN hybrids. The bulk sample consists of individually dispersed hBN- 

DNA hybrids, aggregates, and impurities. These samples are centrifuged to remove the 

undissolved hBN and impurities. Later, samples were precipitated with 1.5 M NaSCN and 

91



6 mass % PEG to better resolve the absorption peak of individual peak at 260 nm by 

removing the excess DNA through a centrifugation step. However, we noticed (Figure 

5.3B) a clear pellet at the bottom of the vial after centrifugation solely for hBN-DNA 

precipitated sample in PBS, unlike the precipitated sample of hBN-DNA sample in water, 

indicating hBN was precipitated in PBS solvent. UV-vis measurements (Figure 5.3C) of 

supernatant samples revealed the strong absorbance of hBN-DNA in UV-region, where 

peak at 205 nm corresponds mainly to the DNA-hBN hybrids and 260 nm corresponds to 

the excess DNA in the supernatant sample of hBN dispersions. The average dispersion 

yield of hBN in PBS was estimated as 19.04 ± 5.10 % (Table C.1). SEM imaging of 

supernatant samples (Figure 5.4) further revealed the exfoliated DNA-coated hBN 

nanosheets in PBS. However, it is noted that SEM revealed the presence of a very few 

sheets of SDC-assisted hBN hybrids of supernatant samples on an imaging substrate unlike 

the hBN supernatant samples by DNA. This indicates that DNA is an efficient dispersing 

agent and resulted in higher concentrations of hBN sheets in PBS.
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Figure 5.3. Photographs of two different dispersions of hBN-DNA complexes comparing 
(A) before (non-centrifuged) and after (supernatant) centrifugation (B) precipitated 
samples in water and PBS (C) Absorbance spectra of supernatant dispersions of DNA-hBN 
complexes in DI water and PBS.
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Figure 5.4. SEM images of supernatant samples of (A) SDC-coated hBN hybrids 
dispersed in water (B) DNA-coated hBN in PBS and (C) precipitated samples of DNA- 
hBN complexes in PBS.
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5.4. Conclusion

In conclusion, we reported our work on developing dispersion methodology of hBN 

nanosheets using DNA. Our SEM and UV-vis measurements revealed the presence of 

individually dispersed hBN nanosheets in PBS. The extinction coefficient of crude DNA 

was estimated to be 16.14 L-mg-1-cm’1, which was further utilized to determine the average 

dispersion yield of cosmetic grade hBN sheets in PBS to be 19.04 ± 5.10 %. Our results 

elucidated that DNA is not only an efficient dispersing agent to disperse hBN nanosheets 

through noncovalent complexation but also help stabilize the nanosheets at high 

concentrations up to 8 mass %. Successful completion of work can lead to the development 

of potential hBN cosmetic and sunscreen applications with enhanced biocompatibility and 

multifunctionality.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

In a nutshell, developing and understanding an efficient BN dispersion system 

stabilized by DNA, purification methodologies, self-assembly, and rheological 

characterization is essential to better maneuver the characteristics of a final applications. 

Since many biopolymers, especially DNA, being a strong dispersing agent for nanotubes 

like CNTs, incorporating the characteristics of DNA with added benefits including 

biocompatibility, green chemistry and multifunctionality to BN nanomaterials have 

broadened the wide range of potential applications. Our work on dispersion methodology 

and self-assembly of BN nanosystems using biomolecules like DNA provided a strong 

basis for BN-directed controlled architectures including films, fibers and composites while 

offering green chemistry, multifunctionality and enhanced biocompatibility.

6.1. Boron nitride nanotubes

In this thesis, the highly efficient dispersions of BNNTs were achieved in an 

aqueous environment using DNA and produced assembled solid films with improved 

nanotube alignment and purity. The aqueous dispersion of DNA-BNNTs suggests the 

surface coating of nanotubes by DNA and the fraction of DNA-BNNT hybrids in 
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dispersions depended on the BNNTs/DNA mass ratios. Purification of DNA-BNNT 

dispersions by membrane filtration resulted in the enrichment of dispersed nanotubes. 

Evaporation of concentrated, purified dispersions led to the formation of films comprising 

aligned DNA/BNNT bundles that has not been previously achieved. Thus, the results 

including the effective dispersion of BNNTs using DNA, purification and self-aligned solid 

BNNT films resulted in improved understanding of potential phase behavior and broadened 

the feasibility of bottom-up assembly studies.

We reported a simple yet highly efficient dispersions of boron nitride nanotubes by 

DNA in alcohol/water cosolvents via noncovalent complexation using a gentle bath 

sonication. Our results showed that the bath sonication not only unleashes the production 

of long pristine boron nitride nanotubes surface coated by DNA but also produces stable 

dispersions in IPA/water. Here, IPA played a pseudosurfactant role while solvating 

nanotubes in alcohol/water cosolvents, enabling the dispersion yield of boron nitride 

nanotubes as high as ~ 48 % in the mixture of IPA/water with 60 % IP A. SEM imaging of 

solvent exchanged purified stable dispersions of boron nitride nanotubes in DI water 

revealed the inconsistencies in observed average lengths of DNA-coated boron nitride 

nanotubes and surfactant-coated boron nitride nanotubes by ~ 21 %. While the average 

lengths of surfactant-coated boron nitride nanotubes differed by ~ 26 % with viscosity 

average length of DNA-coated boron nitride nanotubes determined by rheology.

The DNA-BNNT liquid crystalline dispersions can be a favorable starting material 

for subsequent fabrication of BNNTs into films with improved alignment and 

morphologies for application developments. Our results provided a basis for the future 

work to study the phase behavior and microstructure of aqueous dispersions of DNA-

97



BNNT hybrids from dilute to possible lyotropic liquid crystalline phases using rheology 

and optical microscopy. However, further studies need to be conducted to accomplish the 

potential BNNT liquid crystalline formation. I propose the following recommendations:

Recent developments on the as-synthesized BNNTs by BNNT LLC., have been 

made to help improve the quality of a raw material, which are currently available in 

different forms including SP10-R, SP10-R-P and SP11-R and SP11-R-P. It is noted that 

the synthetic BNNT materials (P1-Beta) has « 45.2 mass% of non-nanotube impurities as 

determined in this work Therefore, I propose to use the latest grade of raw material, which 

is the refined powder form to help accomplish the liquid phase behavior of BNNTs and 

their DNA-directed assembly.

The exact wrapping pattern of DNA (both ssDNA and dsDNA) on BNNTs is not 

clear, although the interaction would originate from the ^-stacking interactions between 

BNNTs and DNA bases. Notably, the ionic nature of the BN bond,7,9 wall number of 

BNNTs and different solvent conditions could lead to a different DNA conformation on 

the surface of few-wall BNNTs used in this study. More efforts should be made to better 

understand the DNA molecular interactions and conformations on the side wall of BNNT 

surface using high-resolution imaging techniques such as cryo-EM and molecular dynamic 

simulations potentially with a collaboration work to help further understand and optimize 

the dispersions of BNNTs.

SEM imaging has been extensively used in this work for characterizing length 

distributions of DNA-BNNTs complexes. However, SEM cannot distinguish 

individualization vs. bundles of parallel aligned nanotubes that will appear as 

individualized nanotubes especially at nanoscale. Therefore, I propose to use the following 
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two methods: 1) AFM where it will not only allow a precise measurement of the nanotube 

height in a horizontal surface (its diameter) but also, hundreds of nanotubes can be counted 

allowing for an appropriate statistical analysis of bundle size. 2) rheology, which is the 

representative of bulk sample (~ 1015 tubes), reproducible and less-time consuming.

The results including aqueous dispersion, purification and self-assembly of DNA- 

BNNTs resulted in improved understanding of the dispersion behavior of the ternary 

system (BNNT, DNA, water) as well as the feasibility of bottom-up assembly of BNNTs. 

However, it has also resulted in new questions on how the dispersion microstructure, phase 

behavior and rheology of BNNT dispersions behaves as a function of shear, temperature 

and concentration. Theoretically, BNNTs being rodlike 1-D nanostructures with a superior 

structural[46] and mechanical properties[224]-[226] including bending and shear moduli 

compared with other mesogenic nanocylinders like CNTs,[148] we hypothesize that 

BNNTs should form lyotropic liquid crystalline phases at sufficiently high concentrations. 

Although our previous work on self-assembly of BNNTs using DNA in water did not 

exhibit the birefringence characteristics that is pertinent to their potential liquid crystalline 

behavior, further experiments should be investigated to test for birefringence 

characteristics using optical microscopy. In addition, the critical phase transitions of 

potential liquid crystalline phases of DNA-BNNT hybrids will be determined using optical 

microscopy. I recommend using the magnification objectives of 10X, 20X, 40X and 60X 

for microscopy experiments with and without cross polarizers.

Understanding the phase behavior of potential lyotropic DNA-BNNT dispersions 

with shear flow and texture effects is required to improve the properties like nanotube 

alignment of their macroscopic assemblies such as films. The effect of shear and 
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temperature on liquid crystalline phases of DNA-BNNTs will be tested using rheometer, a 

powerful tool that can predict the critical phase boundaries and texture evolution of 

dispersions under the shear field. The samples will be characterized rheologically through 

amplitude sweep, frequency sweep, step rate and steady shear rate tests. The evolution of 

dispersion microstructure and the phase diagram of viscosity against BNNT concentrations 

at a shear rate of 0.1 s-1 will be developed which will help determine the critical phase 

transitions. All data will be acquired within linear viscoelastic (LVE) regions which can be 

obtained from the amplitude sweep test. The start-up of a shear flow indicated by viscosity 

vs. time will be conducted for BNNT dispersions over a wide range of concentrations at a 

constant shear rate. More importantly, at even higher concentrations, the key rheological 

characteristics will be compared to the well-known liquid crystalline dispersions of high 

molecular weight rod-like polymers and nanocylinders. It would be interesting to see the 

sensitivity of preparation method of DNA-BNNT dispersions including bulk and 

supernatant samples on the critical phase transitions and dispersion morphologies at 

different concentrations.

The potential liquid crystalline DNA-BNNT dispersions will be processed into 

macroscopic artifacts such as films using drop drying techniques (Section 2.6). The 

macroscopic BNNT films can be obtained by simple drop drying approach of sufficiently 

concentrated DNA-BNNT samples under the ambient conditions or vacuum oven. Here, 

the parameters including the type of substrate (e.g., glass slides, clean silicon wafer chips 

and copper tape), precursor concentration of DNA-BNNT hybrids will be optimized. It 

would be interesting to see the difference in alignment of BNNTs drop casted from 

dispersions of biphasic and LC phases. The temperature and pressure of the drying system 

100



i.e., evaporation rate can be controlled using an enclosed cell with a small aperture. More 

importantly, DNA-BNNTs LC dispersions will be manually sheared by roller coating on a 

sample drying substrate to test the degree of nanotubes alignment and shear induced 

transitions in textures. The results from the recommended work will provide key insights 

to better improve the properties of aligned bulk materials consisting of nanocylinder 

building blocks.

6.2. Hexagonal-boron nitride nanosheets

In this thesis, we used natural DNA to help disperse hBN in PBS via sonication and 

centrifugation. We initially attempted to use mild sonication to disperse hBN sheets in PBS, 

but due to relatively high density of hBN compared to BNNTs, hBN sheets tend to settle 

at the bottom of the vial while bath sonication. As a result, an inefficient dispersion was 

observed visually. To overcome this, we used a probe tip sonication that utilize the acoustic 

energy that induces cavitation; the resulting flow fields exfoliate nanosheets from the 

parent material. Also, long sonication times lead to more exfoliation. In our work, probe 

tip sonication resulted in the increase in the dispersion yield of hBN nanosheets when 

compared to the dispersion prepared using solely bath sonication. The DNA-hBN 

complexes were characterized spectroscopically. Although, we used different solvents 

MeOH/water, EtOH/water, IPA/water, and water to disperse hBN using DNA and other 

dispersant molecules such as SDC and SDS surfactants. Unfortunately, the ultraviolet 

absorption and emission of hBN overlaps considerably with DNA, PEG, NaSCN, and 

mixtures of alcohol and DI water solvents by itself, making their study cumbersome. 

Additionally, we found that alcohols used in this study contributes to spectroscopic errors, 

especially while diluting samples for measurements. Therefore, a detailed investigation 
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should be conducted on a set of control experiments to better resolve the absorbance peak 

of DNA-hBN complexes from other components in the dispersion system. In addition, it is 

likely that hBN dispersions might require relatively more DNA molecules to stabilize high 

surface area hBN sheets compared to BNNTs, which was found to be optimum at 

BNNTs:DNA = 1:1 mass ratio. Therefore, further tests need to be conducted to determine 

the optimum mass ratio of hBN:DNA in the initial dispersion mixture.

The dispersions of hBN nanosheets stabilized by DNA were characterized by SEM 

in our preliminary work. Additional work on determining lateral size and thickness will be 

recommended using other imaging techniques such as AFM. In fact, more recently, the 

lateral size of 2D graphene oxide mono layered sheets was characterized using optical 

microscopy,[227] perhaps, could be a potential method to characterize the size distribution 

of hBN nanosheets. Moreover, it would be interesting to understand the surface 

wrapping/attachment conformation of DNA molecules on the surface of hBN sheets. This 

could be achieved using molecular dynamic simulations along with an experimental work 

of high-resolution imaging techniques such as cryo-EM. The thermogravimetric analysis 

can be further utilized to estimate the amount of DNA attached on the surface of hBN to 

help optimize the experimental conditions of hBN dispersions for improved stability and 

yield.
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APPENDIX A

PURIFICATION AND ASSEMBLY OF DNA-STABILIZED BORON NITRIDE 
NANOTUBES INTO ALIGNED FILMS

1. SEM of As-Synthesized BNNT Material

SEM images of as-synthesized BNNT material are shown in Figure A1. Both 

nanotube structures (arrows), and the presence of impurities (arrowheads) which stick to

nanotubes in the form of star-shaped structures,[116] are observed.

Figure A.1. SEM images of a synthetic BNNT material, where (A) arrows indicate 
nanotubes and (B) arrowheads represent impurities in the form of star-shaped structures.

2. UV-vis Absorption of DNA-BNNT Dispersions

Figure A2 shows the UV-vis absorbance spectra of aqueous dispersions of DNA- 

BNNTs with different preparation methods. Here, absorbance spectra for bulk and 

supernatant dispersions with BNNTs:DNA = 1:1 were measured after removing excess 

DNA using a precipitation method. However, BNNT:DNA = 1:0 sample was measured 

without precipitation. We observed that with precipitation and re-dispersion in water, the 

peak at 190 nm in BNNT:DNA = 1:0 sample disappeared indicating that DNA may also 

assist the stabilization of impurities in water to a certain extent.
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Figure A.2. Absorbance spectra of aqueous dispersions of (GT)20-BNNTs with 
BNNTs/DNA mass ratios of 1:0 and 1:1 before (i.e., bulk) and after (i.e., supernatant) 
centrifugation. All samples were diluted by a factor of 100* in DI water for UV-vis 
absorbance measurements.

3. Extinction Coefficient of DNA-BNNTs

The extinction coefficient of DNA-BNNT hybrids was measured using non

centrifuged dispersions of DNA-BNNT at a ratio BNNTs:DNA = 1:1 on a mass basis after 

purification by membrane filtration. After membrane-filtration, the dispersion is highly 

enriched in DNA-BNNT hybrids. In Figure A3, the extinction coefficient of DNA-BNNT 

hybrids was calculated to be 0.0926 L^mg’^cm’1 at 205 nm using Beer-Lambert’s law. 

Specifically, six replicates of a concentrated DNA-BNNT dispersion were dried in an oven 

up to 350 °C for three days to obtain the average mass of dried DNA-BNNT hybrids using 

a Cahn Instruments C31 Microbalance with a readability of 0.1 ^g. The same DNA-BNNT 

dispersion was serially diluted to obtain absorbance values of DNA-BNNT hybrids at 205 

nm at different concentrations. In addition, the overall percentage of non-nanotube 

impurities in an as-synthesized BNNT material was estimated as ~ 45.17 mass % by 

measuring the average mass of dried DNA-BNNT samples before and after purification 
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with membrane filtration, assuming that only DNA-BNNT hybrids remained in the 

dispersion, and that all nanotubes were recovered after membrane filtration. Our estimation 

is close to that of ~ 50 mass % impurities provided for the specification of a synthetic 

BNNT material by the supplier.

Figure A.3. The calibration curve of DNA-BNNT hybrids obtained at 205 nm. Error bars 
were generated from the standard deviation of three repeats. All samples were serially 
diluted by a factor of two-thirds in DI water for measurements.

4. SEM of DNA-BNNT films

The purified, concentrated DNA-BNNT dispersion used for producing dried films 

contains excess (GT)20 ssDNA not bound to nanotubes with free DNA:DNA-BNNT 

hybrids ~ 1.1:1 mass ratio. SEM images of dried films obtained from purified dispersions 

containing « 11.5 mass% DNA-BNNT hybrids and « 12.6 mass% excess (GT)20 (Figure 

A4.A,B) and from 12.6 mass % of (GT)20 only (Figure A4.C,D) are shown below. Relative 

to the DNA-stabilized BNNT films, the films without nanotubes exhibit high brittleness 

and break in glassy pieces when scribing to reveal the smooth underside of the films.
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Figure A.4. SEM images of dried films. (A,B) Films obtained from purified, concentrated 
dispersions containing « 11.5 mass % DNA-BNNT hybrids and « 12.6 mass % excess 
(GT)20 ssDNA. Films obtained from drying 12.6 mass % (GT)20 only without nanotubes 
before (C) and after (D) scribing.
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APPENDIX B

COSOLVENT-ASSISTED COMPLEXATION OF BORON NITRIDE 
NANOTUBES WITH DNA

Table S1. Detail of BNNT-Water-IPA Simulated Systems

Alcohol vol% Alcohol mol% # Water 
Molecules

# Alcohol 
Molecules

0 0 3339 0

20 5.6 2671 158

40 13.6 2003 316

60 26.2 1336 474

80 48.6 668 631

100 100 0 789
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Figure B.1. Absorbance spectra of (a) aqueous solutions of 1 mg/mL DNA, 1 mass% SDC 
and 1 mass% SDS, respectively, and dispersions of BNNTs coated by DNA, SDC, SDS in 
water prepared by (b) 24 hr bath sonication and (c) 1 hr probe tip sonication based on our 
previous work.[178]
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Figure B.2. Absorbance spectra of supernatant dispersions of DNA-BNNT complexes 
prepared using three different methods: 1 hr probe tip sonication (TS) in water based on 
our previous work,[178] 24 hr bath sonication (BS) in water, and 24 hr bath sonication in 
an IPA/water mixture containing 50 % (v/v) IPA, respectively. Absorbance spectra of 
BNNTs only (without adding DNA) in IPA/water mixture containing 50 % (v/v) IPA with 
24 hr bath sonication was included for comparison.

Wavelength (nm)
Figure B.3. Absorbance spectra of supernatant dispersions of DNA-BNNT complexes 
prepared in an IPA/water mixture containing 50 % (v/v) IPA by bath sonication for 
different time periods including 1, 6, 8, and 24 hours.
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(b)
Wavelength (nm)

Wavelength (nm)
Figure B.4. Absorbance spectra of supernatant dispersions of DNA-BNNT complexes 
prepared in IPA/water mixtures with increasing amount of IPA including (a) 0 - 50 % (v/v) 
IPA and (b) 60 - 100 % (v/v) IPA.
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0.8

Wavelength (nm)
Figure B.5. Absorbance spectra of supernatant dispersions of DNA-BNNTs prepared in 
an IPA/water mixture containing 60 % (v/v) IPA and the corresponding peak fitting 
through linear regression of absorption peaks of each component (i.e., free DNA and 
BNNTs, respectively) to obtain a global fitting of the measured absorbance spectra.

Wavelength (nm)
Figure B.6. Absorbance spectra of aqueous dispersions of purified DNA-BNNTs by 
membrane filtration and SDC-BNNT complexes after DNA/surfactant exchange.
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A. Python code for global fitting of absorbance spectra of DNA-BNNTs in 
IPA/water mixtures

Created on Mon Dec 14 16:26:57 2020 

@author: VENKATESWARA RAO KODE 

Spyder Editor 

import numpy as np 

import pandas as pd

from sklearn import linear_model 

from sklearn.metrics import r2_score

data=pd.read_csv('test.csv') 

X=data[['nanotubes','dna']] 

y=data['cummulative'] 

X=np.array(X) 

y=np.array(y)

clf_linear = linear_model.LinearRegression() 

clf_linear.fit(X,y) 

clf_linear.coef_

r2_score(y,clf_linear.predict(X))
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B. R code for statistical analysis on length distributions of DNA-BNNTs before and 
after surfactant exchange

# Created by VENKATESWARA RAO KODE On April 27th, 2020
# Developed for Statistical Analysis on Length Distributions of DNA-BNNTs Before and 
After Surfactant Exchange
rm(list=ls(all=TRUE)) #clearing all history
library(readxl)
#importing datafile
VRK_Final_Project_Data <- read_excel("E:/RESEARCH/project/VRK_Final Project 
Data.xlsx")
View(VRK_Final_Project_Data)
#viewing each column in the data set
attach(VRK_Final_Project_Data)

View('DNA-BNNTs')
View('SDC-BNNTs')
#plotting histogram of DNA-BNNTs
hist('DNA-BNNTs', prob=T, breaks = 50, col = "4", main = " ", xlab = "Length of
BNNTs (nm)", ylab = "Frequency")
#plottig histogram of SDC-BNNTs

hist(' SDC-BNNTs', breaks = 50, add = TRUE, prob=T, col = "5", main = " ")
legend("topright", legend=c("DNA-BNNTs", "SDC-BNNTs"), col=c("orange", "blue"), 
fill=topo.colors(2), cex=0.5)
#boxplot
boxplot('DNA-BNNTs','SDC-BNNTs', col = "orange", ylab = "Lengths of BNNTs 
(nm)", names = c("DNA-BNNTs", "SDC-BNNTs"))
text(x=1.5, y=800, "P< 0.001") #inserting the p-value in the box plot
#summary of each case
summary('DNA-BNNTs',na.rm=T)
summary('SDC-BNNTs',na.rm=T)
#testing the normality of each case
#Q-Q plot
qqnorm('DNA-BNNTs', col="orange", pch=19, font=1.5,font.lab=2, main = "DNA-
BNNTs")

qqline('DNA-BNNTs')
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qqnorm('SDC-BNNTs', pch=19,col="orange",font=1.5,font.lab=2, main = "SDC- 
BNNTs")

qqline('SDC-BNNTs')
#testing the normality
#Shapiro-Wilk test
shapiro.test(' DNA-BNNTs')
shapiro.test(' SDC-BNNTs')
#standard deviation of each case

sd('DNA-BNNTs')
sd('SDC-BNNTs')
#nonparametric method
#The Mann-Whitney U-test

wilcox.test('DNA-BNNTs','SDC-BNNTs')
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APPENDIX C

LIQUID DISPERSIONS OF HEXAGONAL BORON NITRIDE NANOSHEETS 
STABILIZED BY DNA

200 250 300 350 400 450
Wavelength (nm)

Figure C.1. Absorbance spectra of precipitated samples of both DNA-hBN prepared at a 
mass ratio of hBN:DNA = 1:2 and DNA only samples. Samples were diluted 12,800x for 
absorbance measurements.

Figure C.2. The calibration curve of DNA obtained at 260 nm. All samples are diluted 
100x. The error bars were obtained from the standard deviation of minimum three 
replicates.
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Table C.1. The quantitative data for dispersion yield calculation of DNA-hBN sheets in 
PBS.

S. No Mass 
of 
empty 
pan 
(mg)

Total 
mass of 
empty pan 
+ dried 
sample 
(mg)

Mass 
of 
dried 
sample 
(mg)

Measured 
volume 
in each 
pan(pL)

Measured 
mass of 
excess 
DNA (mg)

Measured 
mass of 
hBN 
(mg)

Maximum 
mass of 
hBN (mg)

Dispersion 
yield (%)

Pan1 13.33 16.28 2.95 45 1.891 1.058 4.43 23.89
Pan2 13.61 16.09 2.48 45 1.891 0.588 4.43 13.28
Pan3 13.06 16.03 2.97 45 1.891 1.078 4.43 24.34
Pan4 13.27 15.81 2.54 45 1.891 0.648 4.43 14.64

Sample calculation for pan 1:

Excess DNA concentration in hBN-DNA precipitated sample:

C= (0.053/0.01614) mg/L= 0.00328 mg/mL X 12,800x (dilution factor) = 42.032 mg/mL

The measured mass of excess DNA = 42.032 mg/mL X 45.0 pL= 1.8914 mg

The measured mass of hBN (mg):

Mass of dried sample - measured mass of excess DNA

= 2.950 mg - 1.891 mg = 1.058 mg

Dispersion yield of hBN:

Measured mass of hBN (mg) / Maximum mass of hBN in each pan (mg)

= (1.058/4.430) X 100 % = 23.89 % (assuming mass of PEG and NaSCN is negligible)

The average dispersion yield of hBN = 19.04 ± 5.10 %
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