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Summary

Poly(bisbenzimidzobenzophenanthrolirddione) (BBB) is a heterocyclic rigicbd
polymer exhibiting excellent thermal and mechanical performances. It is made by the
condensation of 1,4,5,8naphthalene tetracarboxylic acid (NTCA) and

3 , -@iaminobenzidine (DAB) at a high rgerature. The bottleneck in the use of
BBB polymer is its insolubility in organic solvents and an extremely high softening
point (higher than its decomposition temperature), that makes processing to films,
fibres, sponges or, in fact, to any other fornpassible. The aim of this work is to
provide methods of processing BBB to fibres, sponges and membranes and study their
thermal and mechanical properties.

A new bottomup approach was established for making BBB fibres by electrospinning
to overcome the dbacle of insolubility and infusibility of BBB for processifigre.

The approach involved templassisted solidtate polymerization of the
selfassembled starting monomers (NTCA and DAB) in fibre form. The
selfassembled monomers were electrospun tegettith a templet polymer (any
polymer that can be pyrolysed at a low temperature). Heating of the fibres at a
temperature above 468Q led to the polycondensation of sasembled monomers to
BBB polymer with simultaneous degradation and removal of éhglket sacrificial
polymer. A structural characterization, morphology study, thermal stability and
mechanical testing were carried out for both a single and an aligned fibre belt.
Electrospun BBB nanofibre showed an excellent thermal resistant propdntyheit
degradation onset temperature above 600 € and a 5 % weight loss temperature of
640 € in a N, atmosphere. A single BBB and an aligned fibre belt showed a very
high strength of 1.43 + 0.26 GPa (226 nm diameter) and 364.75 + 4.76 MPa,
respectively.

Furthermore, the BBB fibres were used for making titieeensional open cell,

low-density © 13.9 mg crit), compressible (more than 98 recovery after 50
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compression), intrinsic flame retardant and thermal insulating (thermal conductivity
of 0.0280.038 W nTK™) sponges. The sponges are made by theassémbly of

short BBB fibres (505 0 Om i length) in an aqueous dispersion during
freezedrying. The use of a sacrificial glue (poly(vinyl alcohol)) was systematically
studied for improving the mechanical stability of the sponges.

The short el ectrospun fi br ermalking d ipgouer si on
membrane using the wtid process. In this method, the vacuassisted filtration

and drying of the short fibre dispersion provides a porous membrane by percolation of
short fibres in the form of a randomly arranged fibre network. Th& BBrous
membranes made by this method were mechanically weak (0.04 MPa). Therefore,
composite membranes of BBB with layered silicate-(i¢atorite) were studied. The
composite membranes neither sustained fldoumed with smoke nor exhibited melt
dripping. These porous, lowensity and mechanical flexible Hec/BBB membranes
showed a high char yield of B84 %, low thermal conductivity of 0.028.051 W

m*K™ and a great flamshielding effect. Such membranes are highly promising for
use as lightweight cotrsiction materials and protective clothing.

Electrospun membranes with hierarchical pore structure and variable pore size are
used extensively for air (higéfficiency particulate air [HEPA], ultrbow particulate

air [ULPA]) and bacterial filtration. Ira model study, as a last part of the work, a
novel aspect of particulate filtration through electrospun thermoplastic porous
membranes (TPU) is studied for the first time for making flexible, lightweight and
strong polymer membranes with enhanced-lgmsier properties. The higaspect
rati o (420000) del aminated m-adctorite) sisy nt he s i :z
selfassembled in a polymer matrix as a bat#lager between two electrospun
membranes by filtration and, subsequently,-pretssed, which lead® enhanced
gasbarrier properties. A highly filled (> 25 wt.%) efficient gaarrier polymer
membrane with perfectly aligned synthetic high aspect ratio hectorite of a variable

and considerable thickness (up terd) can be made. The tensile modulus iasd

10
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by up to a factor of > 60 and remarkable reduction of the oxygen permeability 6698.8
for the composite membrane compared to the neat TRIJ observed. The
electrospun membrane polymer might be varied in the future, including the use of
BBB polymer for combining material properties with layered silicates to generate
high-performance membranes.

The results are published in peewviewed journals:Nanoscale 2017, 9(46),
1816918174; Macromol. Mater. Eng, 2018 303(4), 1700615ACS Appl. Mater.
Interfaces 2019 11 (12), 11874.1883;Macromol. Mater. Eng2019 1800779.

11
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Zusammenfassung

Poly(bsbenzimidazobenzophenanthralione) (BBB) ist ein heterozyklisches
rigid-rod Polymer mit hervorragenden thermischen und mechanischen Eigenschatften.
Es wirddurchPolykondensation voh,4,5,8Naphthaintetracarbonsar¢NTCA) und

3 , -Bi@minobenzidin (DAB)bei hohen Temperaturen erhalt&as Problembei der
Verwendungvon BBBist dessen Uniélichkeit in organischen L&ungsmitteln und die
extrem hohe Erweicmgstemperatur (oberhalb der Zersetzungstemperatur), was die
Verarbeitung zu Filmen, Fasern, Schwammen oder andere Formen unmdglich macht.
Das Ziel dieser Arbeit ist es, Verarbeitungsmdlichkeiten von BBB zu Fasern,
Schwanmen und Membranen zu entwickeln wheten thermische und mechanische
Eigenschaften zu untersuchen.

Eine neuebottomup-Methode zur Herstellung von BBB Fasern wurde durch
Elektrospinning etabliert, um das Hindernis der Unlé&liahd Unschmelzbarkeit von
BBB zu (berwinden. Die Methode beinlkete Temperatuassistierte
Festkdperpolymerisation von selbstorganisiertdonomeren (NTCAund DAB) in
Faserform. Die selbstorganisierten Monomere wurden, zusammen mit einem
Templatpolymer (jedem Polymer, das bei niedrigen Temperaturen pyrolysierinwerde
kann) elektrogesponnen. Das Erhitzen der Fasern auf Temperaturen ferfde0

zur Polykondensation der selbstorganisierten Monomere zu BBB mit gleichzeitigem
Abbau und Entfernung des Templatpolymers. Eine strukturelle Charakterisierung,
Morphologiesudien, sowie Untersuchungen der thermischen Stabilitd und der
mechanischen Eigenschaften wurden sowohl an Einzelfasern, als auch an
Faserbindeln durchgefihrt. Elektrogesponnene BBB Nanofasern zeigten
ausgezeichnete thermische Widerstandsfdigkeit mieronsetAbbauthemperatur

tber 600C und 5% Gewichtsverlust bei einer Temperatur von €@4Qunter
N.-Atmosphéde. BBB-Einzelfasern und BBB-Nanofasererbunde wiesen einen
E-Modul von 1.43 £0.26 GP&26nm Durchmessegnd364.75 £4.76 MPauf.

Dariber hinaus wurden BBH-asern zur Herstellung vomreidimensionalen,

12
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offenporigen, niederdichten®(13.9 mg crt), kompressiblen (mehr als 96
Erholung nach 5@6iger Kompression), intrinsisch flammenhemmenden und
thermisch isolierenden (thermischeeitfaigkrit von 0.0280.038 Wm'K™)
Schwdnmen genutzt. Die Schwanme wurden durch Selbstorganisation von BBB
Kurzfasern 5017 500em Ldnge) in wasrigen Dispersionen durch gefriertrocknen
erhalten. Die Nutzung eines wiederentfernbaren Klebstoffs (Poly(vinylalkohol))
wurde systematisch, zur Erhdwung der mechanischen Stabilitd des Schwammes,
untersucht.

Die elektrogesponnene Kurzfaserdispersion kann mit aehlaid Prozess zur
Herstellung von porésen Membranen nutzen. In dieser Methode lieferten
Vakuumassistierte HMHration und Trocknung von Kurzfaserdispersionen por&se
Membranen durch Perkolation von Kurzfasern in Form eines zufdlig angeordneten
Fasernetzwerks. Die so hergestellten porsen BBB Membranen wiesen allerdings
schlechte mechanische Eigenschaften auf 4(0.0MPa). Daher wurden
Kompositmembranen aus BBB und Schichtsilikaten-Katorit) untersucht. Die
Compositmembranen zeigten weder Brandverhalten unter Rauchentwicklung, noch
Schmelztropfen.Diese Hec/BBB Membranen mit geringer Dichte zeigten grole
Ascherickstande von 80 94 %, niedrigeTemperaturleitfdigkeiten von 28 51 mwW
m'K* und eine grofe Flammschutzeffektiviti. Solche Membranen sind
vielversprechende  Materialien  fir  Leichtbaukonstruktionsmaterialien  und
Schutzkleidung.

Elektrogesponnene Memlman mit hierarchischer Porenstruktur und variabler
Porengrde werden ausgiebig fir Luft(Schwebstofffilter high-efficiency particulate

air, HEPA], HochleistungsSchwebstofffilter {iltra-low particulate air ULPA]) und
Bakterienfilterverwendet Als letzter Teil dieser Arbeit, wurdan einer Modellstudie

ein neuer Aspekt von Partikelfiltration durch elektrogesponnene, thermoplastische,
porése Membranen (TPU) zum ersten Mal untersucht, um flexible,-lgittate und

stabile PolymeMembranen mit erhdhten Gdbarriereeigenschaften herzustellen. Das

13
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hohe Aspektverhdtnis { 20000) von delaminierten, in Schmelze synthetisierten
Schichtsilikaten (Nddectorit) wurde durch Filtration in einer Polymermatrix als
Barriereschicht zwischen zwei elektrogesponnenen Meamehraelbstorganisiert und
anschliefend schmelzgepresst, was zu erhditen Gasbarriereeigenschaften fihrte. Eine
hochgefilte (> 25wt.%) HocheffizienzGasbarrierdPolymermembran mit perfekt
ausgerichteten, synthetischen Hectoritpldtchen mit hohem Aspekdveshund
variabler Dicke (bis zu fm) konnte hergestellt werden. DerModul konnte um bis

zu einem Faktor von > 60 erhdht und die Sauerstoffpermeabilitd um @Br8duziert
werden, im Vergleich zum reinen TPU. Das elektrogesponnene Membranpolymer
wird zukinftig variiert, einschlie@ich der Verwendung von BBB, um die
Materialeigenschaften mit denen von Schichtsilikaten zur Herstellung von
Hochleistungsmembranen zu kombinieren.

Die Ergebnisse wurden in, durcpeerreview gepriiten, Journalen publiziert:
Nanoscale 2017, 9(46), 1816918174; Macromol. Mater. Eng, 2018 3034),
1700615ACS Appl. Mater. Interface2019 11(12), 1187611883;Macromol. Mater.

Eng, 2019 1800779.

14



1 Introduction

1 Introduction
1.1 Motivation and Aim
Poly(bisbenzimidazobenzophenanthroldiene) (BBB) Scheme Ifor the structure)
is a typical example of a laddempe rigidrod polymer with a lot of aromatic and
heterocyclic rings in the backbone that makes it a robust thermal and
chemicalresistant material. The outstanding thermal reststeproperty of BBB is
evident from no weight loss up to 600 € in an inert atmosphere or vacuum, no
softening temperatures up to 425 € and less thagol@eight loss at 315 € after
1500 h in air. These special properties make BBB promising for appticatithe
field of heat or flameresistant materials, such as higérformance textiles
(firefightersdé clothing or gloves). As ear
was synthesized in the Air Force Materials Laboratory (US) by the polycondensatio
of1458hnapht hal ene tetr acar bdamigobenadina(DABY ( NTCA
in polyphosphoric acid at a high temperatup2@0 €). Their intrinsic insolubility in
common organic solvents and infusibility has hindered the establishment of an
effedive way of processing BBB to fibres and films and, therefore, has been a
bottleneck for its use. There has not been a major breakthrough in the processing of
BBB fibres since the 1960s. Therefore, special procedures are required for the
processing of BBBegarding its utility for higkperformance applications.

HOOC COOH NH,

NTCA DAB
H,0

N O
X
lesedele)
IOt
Polybisbenzimidazobenzophenanthroline-dione (BBB)
Scheme 1Syntheticschemeand chemical structure of BBB.
Therefore, the overall aim of the present work is to study the processing methods for
BBB and the mechanitathermal and flameetardant properties of corresponding

BBB fibres, sponges and composite membranes with layered silicate.

15



1 Introduction

Due to the otherwise negprocessability of BBB, a bottomp approach was
considered for study in this work in which sefithte Igh-temperature
polymerization of selassembled monomers for BBB is carried out on a sacrificial
template fibre. Electrospinning was used as the method to process the fibre.
Furthermore, short BBB fibres were used for making sponges and composite
membrans with layered silicate by the selEsembly of fibres from a dispersion
during freezedrying (FD) and wetaid methods, respectively. The literature overview

is provided in the subsequent sections about relevant topics.

1.2 Electrospinning
Electrostat f i bre for mati on, al so known as

two decades as a popular choice for producing continuous fiftlses,arrays and

~

nel

nonwoven fabrics with fibre diameters bel

different application§-® Electrospinning provides easy access to polymer, inorganic,
metal and ceramic nanofibres with specific topologies. Electrogmnalso allows

the functionalization of the nanofibres during the preparation ortpEmiment by
incorporating features such as viruses, bacteria, enzymes, drugs and ¢dtdlgsts.
development of the electrospinning technique has experienced hisboiy. At first,

the shape change phenomenon of liquid (water droplet) in the presence of an electric
field was observelf! About one century later, the electrospraying experiment of water

droplet to aerosol and the theory were studied systemafitali)hen the liquids

change to viscous and viscoelastic polymer solutions, the charged jet can be kept in a

continuous form to produce fibres instead of breaking into small size droplets, such as
in electrospraying. This is the start of the electrospinnBgne important patents
regarding the designing of the setup and equipment for electrospinning were filed in
the early 28 centurny*® Subsequently, the mechanistic understanding of
electrospinning was gradually developed. Geoffrey Taylor has to be omedti

regarding the mechanics: He described the model where the spherical droplet would

16
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1 Introduction

gradually evolve into a cone (now commonly referred to as the Taylor cone) and
producea liquid jeton increase itthe electric field beyond a critical leVéf’ After

twenty years of stagnancy, the development of a nanoscale size (electron microscopes)
measurement technigue moves toward the making the electrospinning technique
prosperous. Many organic polymers electrospun into nanofibres were reported in the
1990s andhis reinvented technique eventually developed into the first choice for
producing long and continuous fibres with diameters down to the nanometre
scalel’®®® At the beginning of the 21 century, electrospinning started to attract
increasing attentiobecause of its capability of expanding, leading to the fabrication
of new composite materials and ceramic nanofibres with controllable structures, such
as coresheath and hollow nanofibr84® At the same time as the emergence of new
structures, new gghications of electrospun nanofibres were rapidly expanded to
catalysis!”! energy harvesting, conversion and storage (e.g. lithium battery,
supercapacitor, dysensitized solar cell§f! as well as biomedical applications,
including wound dressing” drug releasé” and tissueengineerindg®® not only
limited to initial water or air filtratio?%%! Nowadays, electrospinning products in
large volumes from industrial lines have been designed and implemented by a number
of companies, enabling downsam commercial products widely used in water and
air filtration and the biomedical area.

1.2.1 Device and Principle of Electrospinning

The important componenizarts of anelectrospinningmachine area highvoltage

power supply, a syringe pump to fede solution, a spinneret (could be a hypodermic
needle with a blunt tip), and a collector connection with a negative electrode or
ground, as illustrated ifrigure 1-la. A pendant droplet forms when the liquid
(polymer solution or melt) is extruded from tpinneret as the result of surface
tension. When the droplet is in the electric field, the electrostatic repulsion among the
surface charges deforms the droplet into a Taylor E8A8and a charged jet is then

ejected from the cone. The fibre formatitvom the liquid dropletakes place in four
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steps. The first step is tHermation of the Taylor conea coneshaped jetThis is
followed by theextension of the jet along a straight ligibsequentlyhinning of the
jet occursin the presence of areetric field leading toelectrical bending instability

(whipping instability) At the end, the files are solidified and collected orcallector

which can be stationary or rotatifg*22"]

(a) (b)

Plalj-1eaN

End of straight
segment

Syringe pump

High voltage

ower suppl Spinneret
P! PPly P Onset of the second

bending instability

pley-ie4

Collector IAxis of straight segment, exlended]

Figure 1-1. (a) Basic device for electrospinning. (b) iam showing the path of an electrospun

jet. (b) Reprinted with permission from ref 2. Copyright (2019) American Chemical Society.

Figure 1-1b illustrates the process of the formation of an electrospun fildne.
mechanism has become by now a common kedge and described in several
literatures>**?¥ |n the first step, with the gradual increase of voltage, more charges
are accumulated on the surface of the droplet, increasing of the density of the charges.
While the electric field force on the droplsurface is higher than a critical value
(surface tension plus the viscoelastic force), electrostatic repulsion defbem
dropl etodos shape sudaeadrel Thecriticahvwlmageineeded to a s e d
generate a conical shape for the droplepends on the intrinsic properties of the
liquid, such as viscosity and conductivity. In the second step, the tapered jet initially
follows a nearly straight line for a certain distance away from the tip of the spinneret

. Viscoelastic properties of theolymer solution play ammportant role in getting

fibres bysuppresimg the Rayleigh instability, which otherwisell break the jet into
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droplets?®3% The velocity of the jet at the end of the straight segrizeabout 115

m s’. The diameter of thget in the straight part decreases monotonically with the
distance away from the cone, as the jet is continuously stréfch®dhen the jet
enters the fafield region in the third step, instability occurs easily as the consequence
of the electrostaticepulsion on the surface charges accumulated on the jet. There
might be three different types of instabilitfFigure 1-1b) which occur to the
electrically charged jet, including two kinds of axisymmetric (Rayleigh instability and
another occurs at a stromgelectric field) and one neaxisymmetric instability
(known as whipping or bending instability}:}#%?The physicochemical properties

of the liquid and the parameters during electrospinning control the interaction
between the charged jet and theeenal electric field and further coordinate these
three different types of instability. With the driving of whipping and bending, the jet
moves towards the collector where the trajectory evolves into a series of loops,
generating a tapered coil with mamyrns. The coil consists of one continuous,
looping, spiralling and gradually thinning jet moving at high velocity. Later, as shown
in Figure 1-1b, the jet further elongates to a thinner diameter and generates a much
smaller coil, triggering the formationf another stage of bending instability, the
second bending instability. During the elongation process, the solidification takes
place simultaneously caused by either the evaporation of solvent or the cooling of
melt, which finally accomplishes the format of the fibre. The solidified fibres are
deposited on the grourmbnnected conductive collector and most of the static charges
dissipate. With the increase of the fibre deposition, more residual charges will remain
on the surface of the fibres collectaghich tends to repress the similarly charged
fibres, and result in limiting the achievable thickness of the nonwoveR ¥t

Most of the early reports relate to traditional electrospinning which uses a single
needle and the nanofibres are produded eelatively low outpuss theflow rateis
genearlly0.5'5.0 mL/h. In order to increase the productivigveral efforts are

documented in the literature including the usenottiple-needls for electrospinning
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as shown inFigure 1-2a. There could bedifferent arrangements of the multiple
needles, i.ea linear(straight line) ora two-dimensional arralf®*" The production
capacity of electrospun fibres is increasedX®000 nf per dayas shown for
(polyimide (P1)) for Ithium-ion battery separators and hitggmperature filters
(Figure 1-2b).B® Meanwhile, in order to pursue new structures and functions of the
resultant nanofibres, coaxial electrospinning was develbgeaasing a conshell or
triaxial nozzles Figure 1-2c).%%% On the other hand, needleless spinnerets were
designed to increase the number of jets and create multiple jets to replace the needle
array>***¥ Some typical examples of needless spinsesslving a bowl with a
curved edgé!! a jagged metallic plateFigure1-2d),*? a stepped pyramidr{gure
1-26),1® and a variety of different rotary metal cylinders, discs and aksve all

been exploredHigure 1-2f).

Figure 1-2. (a) Example of nozzles for multipl@meedle electrospinning. (b) Industrial production

line of multipleneedle electrospinning of Pl nanofibrous mats/nonwovdrem ( Jiangxi
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Advanced Nanofibre Technology Go(c) Examples of coaxial nozzles. (d) Photographs of
electospinning processes that use a jagged metallic plate and (e) a stepped pyramid as a spinneret.
(f) Photographs of electrospinning processes using a rotary metal cylinder, disc and ball as a
spinneret. (a) Adapted with permission from ref 37. CopyrighB828dley-VCH. (d) Reprinted

with permission from ref 42. Copyright 2008 AIP Publishing. (e) Reprinted with permission from

ref 43. Copyright 2015 Elsevier. (f) Reprinted with permission from ref 44. Copyright 2012 Taylor

& Francis.

1.2.2 Materials for Eledrospinning

High molecular weight polymerare the most common materials for electrospinning.
Small molecular weight compounds can also be directly electrospun into nanofibres in
some cases if they selbsemble to liquid crystal or generate sufficienailch
entanglemenif>*?! Inorganic nanoparticles, nanorods, nanowires, nanotubes and
nanosheets also can assemble to nanofibres by electrospinning with the assistance of
organic polymers. In the past thirty yeassyeraldifferent kinds of organic polymsy

both natural and synthetic polymers, have beetectrospunDepending upon their
solubility andfusibility, different modified electrospinning procedures are developed,
such as solution, emulsion and melt electrospinning.

Solution electrospinning is ¢hone highlyused and studietchethodas several organic
polymers are soluble in one or the other solventsact, nearlyall known g/nthetic

and naturalpolymers (DNA, silk fibroin, fibrinogens, dextran, chitin, chitosan,
alginate, collagen, gelatin amgiim), either soluble ofusible have been electrospun

and related parameters affecting electrospinning and applications, such as air and
liquid filtration, battery separator, electrodes, textiles, biomedical etc. are studied
Meanwhile, a large number ofdzcompatible and biodegradable synthetic polymers,

for example, polycaprolactone, poly(lactic acid) (PLA), and poly(laxttglycolic

acid), have been directly electrospun into nanofibres and further explored the

applications in biomedical directiof$:** Conductiveand functionabolymers, such
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as polyanilin€”, polypyrrole®® poly(vinylidene fluoridelf? have been directly
electrospun into nanofibres. Most common organic solvesesl for electrospinning

are tetrahydrofuran, dichloromethane, cldtorm, dimethylformamide,
dimethylacetamide, acetic acid, acetone, dimethyl sulfoxide, hexafluoroisopropanol,
and trifluoroethanolThe volatility or vapour pressure determines the evaporation rate
of the solvent and, thus, the solidification rate offthees. Neither very high nor very

low volatility is suitable for electrospinningvery often, a mixture of different
solvents is usedHigh dielectric constant solvents, likeater is not always the first
choice due tothe attenuation of electrostatic tégion making spinning process
unstable.

Both the intrinsic properties of the polymer solution and the processing parameters
control the formation of fibres and their morphology and propeniesosity and
conductivity are important parameters affectsnning processThese parameters
dependupon thepolymer and solvenused for spinningThe polymer molecular
weight and the solid content (concentration) are the main factors effecting the
viscosity, whichplays a critical rolen stretching the jét! Low polymer solution
viscosity leads to only particle formation (also called electrospraying) and if viscosity
is very high, theejecton of the solution fromspinning nozzle is hindered. Also,
electrical conductivityshould be optimum for electrospimgi® A polymer solution
which is perfectly insulating is difficult to electrosping as it is unable to conduct
charges from the interior to the surface, for example, PLA dissolved in chloroform.
Therefore, ionic compounds, such as salts or minerds aoie added to the spinning
formulations ©6r increasing the conductivitand hence improves the spinning
proces$™ Applied voltage, polymer solutioflow rate the distance between the
electrodes gpinning nozzle and the collectorhumidity and tempeature areother
important factors influencing thprocess of spinningnorphology and size of the
fibres.

Blend electrospinning, by mixing another electrospinnable polymer which serves as a
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carrier phase or template, is an efficient way to obtain thetiunat fibres for some
polymers with a small molecular weight or natural polymers with special functions
which are of great potential application in the form of nanofibres but might not be
suitable for electrospinnirig’>"!

Melt electrospinning is usefufor commercial thermoplastic polymers which are
otherwise difficult to dissolve in organic solverisroom temperature making their
solution spinning either impossible or difficulAn extra heating devickees the
polymer in a molten statéuring meltspinning®®®® The fastheat transfer between

the jets and the surrounding air solidifies #nningjets to fibres The stretching
degree and the obtained fibre diameter are very much different in solution and melt
electrospinning. The melt electragp fibores are much thicker (more than 1
micrometre whereas solution electrospunrébarein the range 10800 nm or even
smaller possible)This is due to theolw electric conductivity and high viscosity of the
polymer melt maig a low-density of the grface charges on the jets but high surface
tension Thereby, whipping instability is not effective Adding viscosityreducing
additives or inorganic salt (such as NaCl) could effectively decrease the diameter of
the melt electrospinning fibf&! Until now, many common industrial polymers
matching the condition of melt electrospinning (have a glass transition and melt at a
temperature without involving thermal degradation) have been explored, including
polyethylene, thermoplastic polyurethane (TPU), pabyolactone, PLA,
polypropylene nylor6, poly(methyl methacrylate) and poly(ethylene terephthalate)
(PET)P®

Emulsion dispersion consisting of liquid particles and a continuous medium phase
(normally water) is always hard tdectrospurdirectly but carbe made spinnable by
adding a watesoluble polymer, such as polyethylene oxide (PEO), poly(vinyl alcohol)
(PVA) or poly(vinyl pyrrolidone) (PVP). A typical example is the fabrication of
poly(terafluoro ethylene) fibres by emulsion electrospinfifigElectrospinning of

colloidal particle dispersions also possiblewhen there is asufficient particle
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entanglementvhich is requiredo maintain the jet as a continuous struct@ee of

the examples is the formation ailica nanofibres by electrospinning ea sol
prepared from tetraethyl orthosilicate, distilled water, ethanol andEiGDther
examples based on sol electrospinning include the fabrication of ceramic fibres made
of metal oxides, such as &, LiGoO, and NiO, and a mixture of AD; and ZnO

has been reported, by using their precursor solutions as electrospinning liquid.
However, the seyjel method of electrospinning is always limited because of the
difficulty in accurately controlling the rheological properties of the sol. Sometimes
additive arrier polymer is needed to improve the viscosity or conductivity of the
dispersion and is, subsequently, removed by calcin&fioA. carrier polymer plus
precursor solution electrospinning system is a convenient way to fabricate inorganic
ceramic nanobires, metallic nanofibres, carbon nanofibres and their hybrid
nanofibres. Nanopatrticles, including nanospheres, nanotubes, nanorods and
two-dimensional graphene, clay and MXene, are usual fillers for enhancing or
endowing additional properties to electrosmanofibres. Two main strategies, direct
incorporation during spinning and pdstatment of the precursor fibres, have been

adopted to incorporate nanoparticles into electrospun nanofibres.

1.2.3 Morphology and Structure of Electrospun Fibres

Electropinning technique in combination with pdgstatment enable the preparation

of nanofibres with diverse morphologies, which were summarized by Hou and
co-workers!®® A simple cylindrical fibre with a smooth surface, as showFigure

1-3a, is the most re@sentative and common structure produced by electrospitifling.

In addition to the cylindeshaped nanofibres, there are two other structures that are
frequently obtained by electrospinning: RibHdke oblate fibre Figure 1-3b) and
periodic beaebn-string structure fibreRigure 1-3¢).°®¢” These three basic structures
are the results of the balance of intrinsic viscoelasticity of the polymer solution and

Rayleigh instability aroused from the external electrical field. Periodic-beatting
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fibores ae obtained, in most cases, when spun from diluted solution with a low
viscosity. Increasing the concentration of the solution will change the beads from
spherical to spindiike morphology, decrease the density of beads and, eventually,
the beads will disppear when the concentration rises to a critical Vvdlu@n the

other hand, the introduction of a small amount of salt which increases the conductivity
would avoid the formation of beads in some cases. If the electrospinning is carried out
by using a lgh volatility solvent, the surface of the resulting fibres tend to be porous
(Figure 1-3d).1°®! A typical example of porous fibres is the fabrication of PLA fibre
with dichloromethane or chloroform as the solvent and polystyrene fibres from
tetrahydrofura. The surface porosity is attributed mainly to the phase separation
induced from the rapid evaporation of the solvent and a subsequent rapid
solidification. The humidity of the surrounding air, the evaporation rate of the solvent
is an important parameteffect, is also one of the main factors for the formation of
pores with nanoscaléS! When the solvent has high volatility, the temperature at the
surface of the jet is rapidly decreased with the evaporation of solvent, resulting in the
condensation ofhe surrounding water vapour into tiny water droplets at the surface
or penetrating into the j€&’® The pores form after the water droplets and solvent are
removed completely. When pores are introduced into the nanofibres, the specific
surface area dhe resultant nanofibreased mat will be drastically increagét!

The electrospinning technique could also be used flexibly to fabricate heterogeneous
nanofibres by a direct or indirect route, such as-bidside fibre from a juxtaposed
spinneret Figure 1-3€) and pine branchike fibre structuresKigure 1-3f) from the
posttreatment of deposited heterogeneous materials on the surface of electrospun
nanofibre substraté®"!

Electrospinning is also a technique that can generate nanofibres wighezoimer
structures, including core/sheath, hollow and more complex structures, as show in
Figure 1-3¢+i.1*%"*" Adoption of a coaxial nozzle, as presentFgure 1-2¢, is one

onestep direct route to access core/sheath fibre structure combiningrtwwre
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different components. It should be mentioned here that sometimes one of the
components cannot be electrospun into fibres directly but obtains the composite fibres
smoothly by coaxial electrospinning with the assistance of another spinnable polymer.
Expand the materials of choice is a benefit of coaxial electrospinning, especially for
some small molecular weight compounds with special functions which cannot
electrospun into fibres by themselves. Based on the routine coaxial electrospinning
method, may further developments of electrospinning have emerged recently, such
as multifluidic compoundjet electrospinning and multiuidic coaxial
electrospinning. Core, hollow or heterogeneous Awireibe structured fibres have
been prepared. On the othernba posttreatment with the chemical deposition
method is also adapted to fabricate hollow nanotubes with the electrospun fibres as
the substrateFigure 1-3j).””! Ultra-porous nanofibres and péike hollow fibres

were fabricated by electrospinning heigeneous liquid, followed by the removal of

the sacrificial phase by calcination and pyrolysiggre 1-3k-1).[’87

Cylinder Ribbon Bead-on-string Porous Side-by-side Branched

Tube Multichannel Wire-in-tube Multitube Vesicle Pea-like

Figure 1-3. Micro/nanofibres with multstructures obtained by the electrospinning technique: (a)

Cylinder, (b) flatted ribbon, (c) laelon-string, (d) surface porous, (e) sideside, (f) branched,
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(g) tube structure, (h) multichannel, (i) wiretube, (j) multiwall, (k) vesicle, (I) pekke, (m)
aligned nanofibre belt, (n) nanofibre yarn and (0) nanoarchitecture networkd. Raprinted

with permission from ref 65. Copyright 2018 WHRACH. (m) Reprinted with permission from ref

80. Copyright 2008 I0OP Publishing. (n) Reprinted with permission from ref 81. Copyright 2012

Taylor & Francis. (0) Reprinted with permission from ref 8@pyright 2019 Springer Nature.

The macroscopical arrangement of fibres is determined by the type of the collector.
With the exception of the traditional random fibre arranged in a nonwoven manner
obtained from a flat, stationary collector, other architexs, such as fibraligned

belts Figure 1-3m) and twisted nanofibre yarFigure 1-3n), could be fabricated by
using a higkspeed rotated disc and rotary funnel as a collector, respedflyn
addition, nanoarchitecture networksigure 1-30) were prepared by electrospinning
extremely diluted solutions with a polyacrylonitrile fiore membrane as a colf&tor.
1.2.4 Application of Electrospun Nanofibres

An electrospun nanofibre mat, setinding or coated on the substrate possesses a
large suraceto-volume ratio and high porosity, making it useful as a filter for various
purposes. The high porosity allows the gas steam and solution transport through the
membrane in high flux without experiencing much resistance. Moreover, the pore size
of the ranofibrebased mat could be adjusted conveniently by changing the diameter
and the surface functionalization is achieved by -gpsining modifications. These
mats have been extensively explored as advance filters for the removal or absorption
of pollutans, such as particulate matters, toxic ions and organic molecules from both
air®?®! and wastewatd?®!! On the other hand, electrospinning combined with
posttreatment is a versatile approach to achisuperhydrophobic fabrics with
self-cleaning proprties from a variety of materials for water/oil separation’

Regarding the energy field, continuous carbon nanofibres from electrospinning,
characterised by a high surfatevolume ratio, large specific surface area and short

diffusion distance, &ve notably shown great promise as electrode materials for
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advanced batteries and supercapacitor8” Porous electrospun fibre mats made of
thermal stable polymer, such as Pl and PET, have attracted increased attention as safe
battery separators, panlarly in hightemperature conditiod® 3% The use of
lectrospun porous semiconductors (e.g. Jifanofibrescoated with a photactive
substance such as the photoanode, is an effective way to improve the power
conversion efficiency of solar k&!*°*°®! Electrospinning has recently been adopted
for the design of solar desalination devit&%"!

Electrospun polymer or ceramic nanofibres containing catalytic nanoparticles (such as
Pt, Au nanoparticles and enzymes) also have great advanitageeterogeneous
catalysts system®®''% Large surface arem-volume ratio, high porosity, uniformity

in fibre size, diversity in composition, flexibility in assembled structure and ease of
functionalization with bioactive molecules make electrospoanofibrebased
scaffolds promising candidates as carriers for drug del&H? and scaffolds for

regenerative medicin&+*"]

1.3 Electrospun Conjugated RigidRod Polymers

1.3.1 Development of RigieRod Polymers

High-performance synthetic polymenaterials, called special engineering plastics,
with outstanding mechanical, thermal and electric properties, combined with a
lightweight and chemical resistant, have attracted a lot of interest and achieved huge
progress since the middle of the last toeyn Highstrength, high modulus and
high-temperaturgesistant polymeric fabric material is one of the most important and
developed special engineering plastics both in theoretic research and
commercialization. Good examples of commercialized -pigtiormance fabric
materials include flexible polymdrased ultrehigh molecular weight polyethylene,
PET, and aromatic polyamides (KeWlaand NomegX) and Pls containing relike
macromolecular chains. In order to pursue higher temperature resistance satsfying

requirement in military and aerospace engineering, more -migid polymers
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containing a conjugated aromatic heterocyclic ring in the backbone were developed
and commercialized, such as polybenzimidazole (PBIl), pgkgnylene
benzobisthiazole), polg{phenylene benzobisoxazole) (PBO) and
poly(pyridobisimidazole}:*®*! The tensile strength of commercialized PBO (Zylon
HM) and poly(pyridobisimidazole) (M5) fibres reach 5.8 and 3.5 GPa, respectively,
and the tensile modulus reaches 270 and 330 @Bpectively™?® Both the strength

and the modulus are much higher than steel but have smaller densities. This kind of
conjugated polymer also shows good flarasistance properties, for example, PBO
shows the highest limiting oxygen index of 68 vdlé4. These polymers containing
aromatic or heterocyclic rings combine with many chemical factors, such as strong
primary and van der Waals bonding forces, hydrogen bonding, resonance stabilization,
molecular symmetry or crodmking promoted from modified gups, making them
robust materials with a combination of thermal stability and physical properties. The
polymers with hightemperature resistance provide wide potential applications for
uses in electronics, aircraft and aerospace vehicles, engine congp@ragiheering
structures, heatesistant coatings, molecular composites and otherpgeglormance
technological application&

Another type of higkperformance polymer is the ladder and séadder type
polymers first reported by the Air Force Meg#ds Laboratory*?? Two of the
noteworthy examples are the BBB and poly(benzobisimidazobenzophenanthroline)
(BBL), which were prepared by the polycondensation of either
3,34, 4tetraaminobenzidine (DAB) or 1,2,4t6traaminobenzene (TAB) with
1,4,5,8naphtalene tetracarboxylic acid (NTCA) in polyphosphoric acid at a high
temperature (18290°C) (Figure 1-4a -b). Polymerization of NTCA and DAB in

solid phase lead to low molecular weight which is soluble in sulfurictédidhey

were first synthesizkin an effort to develop polymers with a very high strength and
high-temperature resistance for use as structural materials in aerospace applications.

Both of these polymers are thermally stable (i.e. exhibit no weight loss) t6 §50
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air and 700C in nitrogent*?>'%! Thermatmechanical and creep studies in the range

of 30r500€ indicated that this rigid molecule structure is relatively insensitive to
temperature and no glass or other transition was evident in this temperature
rangel!?*1%°! Different to other rodike structure polymers, such as polgpenylene
benzobisthiazole) revealing as ligwedystalline in solution, BBB molecules
containing a rotatable single bond link in the backbone between each repeat unit give
it a flexible-coil behaviarr. The same helical structure arrangemé&gure 1-4c) is

also observed on BBB filfi%®!

HOOC COOH \]H HOOC COOH ]QEVH
HOOC COOH HOOC coon
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; Q Sl >
Poly(bisbenzimidazobenzophenanthroline-dione) (BBB) Poly(benzoblsunldazobenzophenanthmlme) (BBL)
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Figure 1-4. (a, b) Synthetic and chemical structures of (a) BBB and (b) BBL polymers. (c) Helical
arrangement of BBB molecules. (d) Structures of the solublasLawid (MX,) complexes of
BBB polymer. (c)Reprinted with permission from ref 126. Copyright (1995) American Chemical

Society. (d) Adapted with permission from ref 129. Copyright (1990) American Chemical Society.

Rigid-rod structures, which endow gredhermal and mechanical properties,
unfortunately, simultaneously cause processing difficulties due to insolubility in
organic solvents and the glass transition temperature and melting point of these
materials is above their decomposition temperatures.eBsow rigidrod polymers

into fibres or films is always carried out by dissolving in strong protonic &¢fis.
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Take BBB as an example: BBB film is prepared by evaporation to dryness from
methane sulfonic acid (MSA) solution or slow coagulation of atsolwf BBB in

MSA by the action of water absorbed from moist'afr'**’BBB fibres were prepared

by the dryjet wetspin process. However, the processing based on-siiyag
protonic acid solutions brings serious problems, such as a high demandifonent

and environmental contamination. Two common strategies have been adapted to
enhance the solubility and processing of Hgpd polymers. Firstly, modification of

the basic rigiechain structures by the introduction of flexibilizing linkages (e,

-CO-, -CHy-, -SO,-) or molecular asymmetry (ortho, meta, versus para linkages) into
the backbone or the addition of bulky side groups (eSfsH) to improve
solubility™?"1?® The major disadvantage of this strategy is that processability is
achieved at the expense of thermal stability, chemical resistance or mechanical
properties. Secondly, a twe synthetic route including processing a soluble
intermediate or precursor polymer and subsequent conversion to thehagid
structure by using a theatty activated cyclization was designed. This approach is
typically exemplified in the commercial processing of Pls via soluble polyamic acid
precursof®! One important approach which has to be mentioned is the use of metal
halide Lewis acids as the cdgent to promote the dissolution of rigidd polymer in
aprotic organic solvents and the subsequent conventional solution pro¢&sing.
During the dissolution process, a reversible electron daocoeptor complex was
formed between heterocyclic polyrseand Lewis acids in aprotic organic solvents.
This reversible electron donarcceptor complex arises from a Lewis acid base
reaction at specific heteroatom nonbonded electron pair donor sites (N, S, O) on the
polymer chains rather than from aelectron chargéransfer reaction Higure
1-4d).?! The resultant solutions of rigicd polymer can be processed into films,
fibres and coatings, as well as purification. In another attempt at processing BBL
polymer, hydrophilic functional groups ofshort PEO chain were grafted into the

ends of BBL molecule chains enabling the formation of homogenous dispersion of
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BBL-PEO in wate*'® The formation of BBL films was successful from
BBL-PEO water dispersion via an air fleagsisted spraying progg® and the
electrochemical and photocurrent generation properties of the resultant films were
studied® Both BBB and BBL exhibit a thirrder nonlinear optical coefficieht?

It has been observed that both pristine BBB and BBL are insulatorgheittlectron
conductivity of 10 10%? S cm' at room temperatuté® However, the typical large
delocalized conjugated electron structures indicate that BBB and BBL are capable of
being conductivity polymers. One side, increasing the temperatureptiteictivity

of them treads to increasing both reveals from the film and fi5fé€% On the other
hand, protonated doping is an efficient way to increase conductivity, for example,
protonic acid (HSO:) doped BBL and BBB films were found to be higlelgnductive

(2 S cm).23" However, this type of protonated doping is unstable. In one report, the
same conductivity of 2 S chwas achieved by BBB and BBL doped with
poly(styrenesulfonic acid) and showed good ambient air stability even to a
temperatureof 100 °C. The conducting BBL/ and BBB/poly(styrenesulfonic acid)
complexes may be useful for the fabrication of photovoltaic cells anddighting
diodes"®

A recent interest in BBB and BBL focused on their intrinsic semiconducting
properties andelative applications. Both BBL and BBB have an identical optical
band gap (= 1.8 eV) and absorption spectra, electron affinity (EA = cad#@V)

and redox properties, and dc conductivity when chemically doff#édhe major
difference between thevb polymers is that BBL films spinoated or cast from MSA
solutions are senurystalline, whereas BBB films are completely amorphous, which
was revealed by Xay and electron diffractioi***% The fieldeffect mobility of
electrons is several order§ magnitude enhanced in BBL (0.03 Tt s?) with a
ladder architecture compared to seauder conjugated polymer BBB (2@&n? v*

s observed from fieléffect transistorS*® The BBL nanobelts, prepared via

precipitating BBL/MSA solution on enwnmentally benign solvents, such as
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methanol and water, were also used to construct-diégtt transistors that exhibited
electron mobility up tdd7 x 1072 cn? V* s One more example is given by the

thin film transistors fabricated from ancamannel BBL transistor and aghannel
poly(3-hexylthiophene) transistor. The electrical parameters (electron mobility, on/off
current ratio and threshbvoltage) of the rchannel BBL transistors in air were found

to be constant over the four ye#fél Solar cells made from spipated bilayer
thin-film heterojunctions of polyf-phenylene vinylene) and BBL were found to have

a photovoltaic charge colidon efficiency as high as #8 and maximum power
conversion efficiency reached 2®under sunlight illuminatioft**!

1.3.2 Electrospinning of RigidRod Polymers

Electrospinning is the most effective stafethe-art method for the generation of
contiruous polymer nanofibres with extensive materials, such as polymers, ceramics,
metals and metal oxide, carbon nanotubes, and even bacteria and viruses, as described
in 1.2.2.The mechanical properties of most electrospun polymer nanofibres are generally
not comparable with conventional microfibres manufactured by-spitning. However,

the fibres with a diameter less tharerh reveal some particular performances, such as a
huge surface area to volume ratio, large porosity, high aspect ratio of length to diameter
and easytailored nanofibre products, which usually arouse more feasible applications
(see 1.2.4). Examples of higlrength electrospun nanofibre have been reported,
including PI nanofibre belts of 1.1 GPhand singlepolyacrylonitrile nanofibre of 1.75
GP4"“. It is conceivable that nanoscale rigitl fibres produced with outstanding
mechanical and thermal prepies are a good candidate for filtration in a harsh
environment or as a filler for the enhancement of mechanical and thermal properties in
composites. In one recent piece of research, an electrospun PBI nanofibre membrane
demonstrated a higher surfacetguial than other commercially available mask filters
because of its high dipole moment (6.%%. The filter developed with PBI nanofibres
provided a highparticulate mattefiltering efficiency 0fD98.5% but only a small drop

in pressure. Furthermqgreghis PBI membrane demonstrated negligible damage and
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retained its original performance for reuse after several cycles of cleaning.

However, processing of other rigidd polymers by electrospinning are confronted
with more challenges because of their paolubility in common solvents and
degradation temperature below their melting points. Traditionally, drywgét
spinning of these rigidod polymers is commonly carried out based on the solutions
of extremely strong acit® Kevlar, for example, is dsolved in concentrated sulfuric

acid (98 100%), PBO and poly(pyridobisimidazole) in polyphosphoric acid. Direct
electrospinning of these strong atidsed systems placed higher requirements on the
electrospinning equipment and the parameter control atiegetinvolatile and strong
causticity of the solvent. A water bath, for example, was adopted as the collector and
for extracting the solvent when electrospinning 2vt% Kevlar solution in a solvent

of 95198% sulfuric acid**® Nanofibres with a diameteranging from 40 nm to
hundreds of nanometres were produced successfully and molecular orientation was
investigated, but some important issues, such as the mechanical properties, were
missing. Another study of electrospinning highly concentrated Kevlati®o in 98

wt% sulfuric acid gave micrometre size fibres with a diameter in the rangeiof 2.1
15.8em*1The maxi mum Youngods modul us and tensi
respectively, were found at a diameter of 211. Metaaramid (Nomex) can dissolve

in common organic solvent, such as dimethylformamide, dimethylacetamide and
dimethyl sulfoxidejn the presence of salts, such as LiCl and €&&] Unfortunately,

the resultant metaramid fibre mats had an extremely low strength of below 30 MPa.

As has been mentioned previously, a 4step processing method including
electrospinning soluble prersor solution into nanofibres and the subsequent suitable
posttreatment is an efficient strategy for the preparation ofprocessable polymer

or inorganic nanofibre. Typical examples processed by this method are Pl nanofibres.
The first step is the eterospinning of polyamic acids followed by imidization by
heating to a high temperatdi’%?o] In another study, conjugated polydiacetylenes

nanofibres were prepared by electrospinning precursor solution containing diacetylene
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monomer, matrix polymer of BO and stability enhancer of tetraethyl orthosilicate, and
subsequently irradiated with 254 nm ligh®! Regarding other conjugated or rigiod
polymers, PBO and its copolym&r&**“have been electrospun into nanofibres using
this indirect method ahthe mechanical and thermal properties of the resultant fibre
mat have been exploredhermal mechanical analysis revealed that electrospun PBO
nanofibre belts sustain excellent mechanical properties even at a high temperature of 350
°C, with a tensile sength of 490 MPa and strength retention of ove¥®0

Nanofibre formation techniques of BBB and BBL are always a bottleneck to progress
which has not moved forward for a long period since the 1960s. In contrast to Pl and PBO,
the precursor route is natigable for BBB and BBL. The precursor solution BBB forms

an insoluble and neprocessable gel owing to the reaction of the four amino groups in
the monomer DAB with 1,4,5;8aphthalenetetracarboxylic dianhydride. Inspired by the
fabrication of inorganic anofibres such as SjOand TiQ,®8%% not only the
macromolecules but also the small molecules can be used as a precursor for
electrospinning in the presence of electrospinnable polymer as a templatenew
strategy for making BBB fibres was desagl in this thesis by using the corresponding
monomer sé soluti on, Ddnthdasedamideasaprealisa ®rol ve d i
electrospinning with a template polymer followed by salidte polymerization at a high
temperature with simultaneous pyra/®f the template polymer. The fibre formation
parameter, reaction process of monomers and properties of the BBB fibre mats, aligned

belts and individual fibres were investigated (referelppendix 5.1).

1.4 Electrospun NanofibreBased Sponges

Threedimensional (3D), porous, ulttaw density, mechanically stable sponge
materials have attracted a lot of attention for their wide range of applications in the
fields of thermal insulation, sensors, absorption, catalyst supports, tissue engineering,
batteryelectrodes and acoustic, vibration or shock energy shiefdfhepending on

the raw materials and intended applications, different methods can be used for the
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preparation of sponges of advanced materials, including foaminggkplocessing,
templategrowth, FD or casting, selfssembly and chemical vapour depositicf.

Carbon materiabased aerogel, including carbon nanotubes (CNTs) and graphene, is
one of the highly studied materials, due to its-density and chemical inertness. A
CNT sponge,dr example, synthesized by chemical vapour deposition was reported in
which a precursor solution of ferrocene in dichlorobenzene was injected % B89

This elastic and hydrophobic sponge can actively absorb and remove different type of
oils spreadig on the surface of the water, as showrFigure 1-5a-b. In another
interesting study, ultrightweight CNTFgraphene aerogelsFigure 1-5¢) were
prepared through the botteap FD process and applied as a conductivity sensor
(Figure 1-5d) and for absorptin of organic solvert>” Carbon fibre is a fascinating
material for its outstanding physicochemical property and an extensive natural source
of raw material. Carbon fibre sponge prepared from carbonation of natural fibres,
such as raw cottonF{gure 1-5e-f),**® wood™® and bacterial cellulos&>” are

exhibit hydrophobicity, elasticity and flanresistance.

Burning After burning

Figurel-5. (a) Photos show the elasticity of CNTs sponge from chemical vapour deposition. (b)
CNTs sponge for cleaning up large areas of ). Photo of CNIgraphene sponge. (d)

Elasticity-responsive conductivity of CNgraphene sponge. (e) Photo of raw cottased carbon
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fibre sponge under the water. (f) Removal of the loaded organic solvent via combustion. (a) and (b)
Reprinted with perm&on from ref 152. Copyright 2010 WileyCH. (c) and (d) Reprinted with
permission from ref 154. Copyright 2013 WHSCH. (e) and (f) Reprinted with permission from

ref 155. Copyright 2013 WileyCH.

Large specific surface area, controllable aspeah eatd morphology, tunable wetting
characteristics, versatility and easy modification endow electrospun fibre with unique
advantages to fabricate 3D sponge materials, which either broaden the applications of
electrospun nanofibres or provide novel propertie the sponges. In recent years,
ultralight 3D sponge made from electrospun polymer nanofibres has already become a
hot topic and achieved fruitful progress, especially applied in the medical and energy
field. Pristine electrospun long fibres tend to damly entangle and harden to
structure stable large volume 3D architecture. Therefore, short electrospun fibres,
made by mechanical cutting of long fibres, were chosen for the bofoassembly

of 3D sponges by FD followed by some necessary-tpeatment'>#%8159Sjmply
selfassembled short fibres together frequently unstable and fragile structures due to
lack of effective junctions between each other. The density, porosity, pore size
distribution and orientation of the final sponges can be easédyedl during the FD
process by controlling the concentration of short fibre dispersion, freeze rate and
directions. Inspired by the biomimicry of extracellular matrix biodegradable polymer
sponges, PLA®Y polycaprolactoné®™ and PVA™? were prepared with
corresponding short fibres by using the approach of FD, which was applied as a
scaffold in tissue engineering. In addition, polyacryloni{ﬂié)z[lsg] and
polyacrylatebased polymél®® sponges were developed at the nearly the same time,
which wereused in watem-oil emulsion separation and organic solvent absorption,
drug release and catalyst supports.

Considering that most polymbéased sponges have the common drawback of poor

thermal properties which limits their application in higimperatug areas, thermally
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stable Pl short electrospun fibres were adopted to assemble superior thermal
resistance spong&s>1%31841| ow-density and porosity setflued Pl sponge shows

low thermal conductivity of 26 mwh™K™, making it a promising candidaterf
potential application as a thermal insulator, as shovfigare 1-6a.**® Furthermore,
stressresponsive conductive Pl sponges were designed by the corporation of silver
nanowires with Pl short fibres forming a doubletwork structuré®! The
condctivity of the doublenetwork sponges alter in a wide range depending on the
compression strain, as showHigure 1-6b, which make an interesting application as

a pressure sensor. Some other examples of thermal, stable, conjugateddrigid
polymer spong® some not from electrospun fibres, have to be mentioned here. The
first one is PBO sponge prepared through a proton consumptaned gelation of

PBO nanofibre sol and a controlled FD with a low cooling rate, followed by thermal
crosslinking.'®® Theresulting PBO sponge not only presents the similar properties to
other sponges, such as porosity, 4d@nsity, low thermal conductivity={gure 1-6¢)

and elasticity, but more importantly also shows outstanding fl@sistanceKigure

1-6d). The second emple is a conjugated microporous polymer (CMP) aerogel
achieved from a crossoupling reaction based on 1,3rkethynylbenzene, as
illustrated inFigure 1-6e*®® The CMP aerogels possess a low thermal conductivity
of 22 mW m' K, which is an ideal apication for a hightemperature insulator
(Figure 1-6f). When treated with carbon black, CMP aerogel can effectively absorb
solar energy and transfer it to he&ligure 1-6g), the corresponding solar steam
generation efficiencies of up to 81, 85 and’8&re achieved at light intensities of 1,

2 and 3 kW 1if, respectively. The same as a conjugated polymer, there are reasons to
believe that the BBB nanofibfteased sponges have promising potential applications
in thermal insulation, higtemperature filtrabn and as a catalyst carrier for

high-temperature reactions and solar steam generation.
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illumination and time. (aReprinted wih permission from ref 159. Copyright (2017) American
Chemical Society(b) Reprinted with permission from ref 160. Copyright (2017) American
Chemical Society. (¢) and (d) Reprinted with permission from ref 165. Copyright (2018) Royal
Society of Chemistry(e)(g) Reprinted with permission from ref 166. Copyright (2018) Royal

Society of Chemistry

1.5 Polymer/Clay Composite Materials

Smectic clays are one type of naturally abundant, multilayered platelet, inorganic
material with a welcharacterized lamellastructured, high surface area and ionic
charges on the surfaf8” The phyllosilicate clays of the 2:1 type, including
montmorillonite (MMT), bentonite, saponite and hectorite, have conventionally been
employed as catalyst$® adsorbent§®® metal chelating agents® and polymer

nanocomposité$®**™ The generic multilayered structure is constituted of
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silicate/aluminium oxide in multilayer stacks and counter ions sandwiched inside.
These counter ions in the galleries can be exchanged with ral&l ions, such as

Na’ or Li*, and further exchanged with organic i6t4:°® Multi-layeredsilicates are
natively hydrophilic, wateswelling and exist in nature as large aggredaiés.
Natural original clay, such as low price MMT available bgmpast mining, appear
typically with a lateral extension L < 250 nm owing to their genesis in
low-temperature environmerité? Synthetic higkpurity clay, such as sodium
hectorite and lithium hectorite with larger lateral extension and aspect ratios fro
melt synthesis processing at a high temperature, has recently attracted increasing
attention. Sodium fluorohectorite, for example, obtained from a combination of melt
synthesis followed by lonterm annealing, shows exceptional aspect ratios of around
20,000 upon delaminatiof’® High-temperature melt synthesis of the clays not only
offers the significant advantages of a larger aspect ratio, higher purity and
homogeneity, but also allows the control of the nature of interlayer cation, layer
charge and amposition by adjusting the crucial paramet&f%.The most common
application of platelets nanomaterial such as clay is as the stiff filler incorporated in
polymeric matrices for the enhancement of the mechanical, flatasdant and
gasdiffusion barrer properties.

1.5.1 Polymer/Clay Nanocomposite for Flame Retardant Application

The increaseduse of polymer products in varied applications results not only in the
continuous demand for improved mechanical, thermal and electrical properties, but
also inceasing concern regarding the security and ecological pollution issues. The
reduction of ignite or burn propensity of the plastic material is an efficiency measure
for the security guarantee and pollution controlling of its applications in houses,
commercal environments and transportation. As shown in the model illustrated in
Figure 1-7a, the condensedand gagphase mechanismare generally considereds

the primary effective mechanism of flame retarddhcylt is nicely described in the

reviewarticle by wanget al>"® According to the descriptionf & flame retardant acts
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in the gas phase (flame zone) by radical absorption to break off combustion processes,
it can be called a ggshase mechanism. By contrast, the condepbagde mechanism
means thathe flameretardant functions in the condensed phase through enhancing
the formation of char on the surface that serves as a barrier to inhibit flammable
volatiles from diffusing to the flame zone and to shield the polymer from heat and
oxygen. Many innoative solutions have been tried in previous publications to address
the challenges of improving the heanhd flameresistance of polymers based on the
aforementioned mechanidh>*"® Phosphorugontaining additives, for example,

lead to the formationfoan expandable carbonaceous protective char layer, which
belongs to the condensgptiase mechanism. The degradation of the additives leads to
thermally stable pyroor polyphosphoric species that catalyse polymers to form a
protective barrier. On the othdrand, the additives containing halogen, usually
chlorine and bromine, are wédhown for their inhibiting effects via the gabase
mechanism. The additives of compounds containing halogen preferentially release
specific radical sgaqphasathatcan rdact with HighlB redcive i n
species (such as HA and OHA) to form
suppressing the radical reactions of the combustion prBé&<&:1® Other additives
generate inert gases, thus, diluting thegety supply at the surface of the burning

polymer, which is also classified as a-gémse mechanisH/®*8%

Gas Phase Initial brick and mortar Expanded clay barrier
(a ) ’ Flame ( b)

W —— "
(57 ((

Char Layer l Heat l

Molten Polymer

Exposure to
flame torch
triggers
CNF-MTM
coating
expansion

CNF-MTM coating
- » greatly reduces
heat transfer

Co CNF-MTM coating
provides a barrier to
volatiles released

from epoxy

Phase

Underlying Polymer

Figure 1-7. (a) lllustration of model of flamestardant action. (b) Sketch of the fsbielding
mechanism attributed to the CNF/clay coatinog epoxy composites. (aReprinted with
permission from ref 175. Copyright (2017) Elsevier. Rgprinted with permission from ref 189.

Copyright (2013) WileywCH.
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However, it is unfortunate that the commonly used flagtardants, either
halogenated ophosphorous compounds, are unsuitable for laogde applications

due to their potential impacts on the environment and human health, especially the
brominated flameetardants which generate neurotoxic and potentially carcinogenic
brominated furans andakins™®+*8¥ Inorganic fillers, such as layered silicate (clay),
Si0O,, metal oxide and carbonaceous (CNTs, graphene), have been extensively studied
as effective additives for polymbéased nanocomposite materials focusing on
improved fire retardancy Wi superior mechanical properties without the toxicity and
leaching issueS’>*"" Two types of strategies, including directly blending in the
matrix*®¥ and coating on the surface of the substf{¢é® are usually adopted for

the employment of inganic additives, also classified as a condepete
mechanism.

New types of intrinsic flamshielding papers/films were developed with the
incorporation of onglimensional nanofibres and tvebmensional
nanoplatelet§8"188 The multilayer intercalan of nanofibre between the clay
platelets produce a lot of nanogaps which makes it lower density and flexible, reduces
the heat transfer but does not influence the flagséstance property. In one study,
nanopaper with the t hianhknoltdayess ofoafigned nldyy 100
nanoplatelets in a cellulose nanofibre matrix, as sketchEayure 1-7b, exhibits an
extreme flameshielding effect and a reduction of heat transportatfdhin another
report, a ternary, bioinspired mechanically strongnocomposite film, containing
renewable forestry waste, montmorillonite and reduced graphene oxide, were
fabricated by utilizing the synergistic effect of hydrogen and covalent bonds among
them**” The resultant films also demonstrate very good flahielding effects.
Development of lowdensity 3D polymer/clay aerogels or sponges with intrinsic
flame retardancy and thermal insulation properties is an interesting and practical
significant direction. The FD process utilized to produce these aerogels|ig in its

ability to produce polymer/clay composites containing7Zwt% clay, whereas the
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traditional melt compounded clay composites rarely exceddctay content due to
viscosity limitationd!® A watersoluble polymer, such as PVA, and alginate
commonly used as the binder/matrix to construct nanocomposite sponges but other
binder/ matrix are usétf***® Selt-extinguishing sponges, for example, composed of
biopolymer poly(furfuryl alcohol) and clay were synthesizednbsitu polymerization

of furfuryl alcohol in water, in the presence of MMT clay, followed by the an FD
process® Nonflammable alginatdased nanocomposite aerogels with low thermal
conductivity and useful mechanical strengths were also fabricated using the similar
method™®!

The additives normally used to facilitate the formation of a continuous char barrier or
generation of active radicals and inert gas just slow down the rate of polymer mass
loss but do not stop completé&l§ 1 The same is true that the totalat release does

not decrease but rather spreads out over a longer time with a concomitant reduction of
the peak of heat release rate. Another direction for making polymer intrinsically
flameresistant is the introduction of aromatic units and heterocyuigs in the
molecule chain§®® High-performance rigietod polymers, talked about in 1.3.1, such

as polyamides, Pls, PBI and PBO, have high degradation temperatures and
selfextinguishing properties because of their highly rigid backbones and strong
chain-to-chain interactions. These polymers exhibit a negligible heat release rate on
burning and release little smoke prior to decomposition with the release of water,
carbon oxides, and traces of hydrogen cyafi{§eThe exploration of BBB regarding

fire resistance is rarely reported but the potential has been predicted by its molecule
structures.

1.5.2 Strong Polymer/Clay Nanocomposite for Gas Barrier Application

Highly transparent, flexible and affordable gases diffusion barrier technologies are
highly required ranging from lostech films for flexible packaging to higech
products for encapsulation of thithm transistors and organic ligiemitting diode

displaysi’®** still, many polymer barriers are less effective than de&?8d.
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Incorporaion of layered nanoplatelets with large aspect ratios, such as clay and
graphene oxide or graphene, is an efficient and economical way to enhance the gas
barrier property. In contrast to the high price, clays have more advantages regarding
largerscale aplcations, particularly for relatively lowech food packaging. The
performance of the gas diffusion barrier films is determined by three main factors:
Filler properties (aspect ratio, volume fraction), the intrinsic barrier property of the
polymer matrixand the quality of filler distribution (aggregation, orientation of filler
platelets, free volume generated by mediocre interface managéff&fit). As
illustrated inFigure 1-8a, according to Cusslerds sugges
oxygen moleculeshrough a highly aligned barrier membrane is not a staHidese
pattern; rather, the molecule follows a more extended route between nanosheets layers
and travels perpendicular to the diffusion directf8H.Nielsen proposed a very
similar model for he relative permeability for a regular arrangement of platelets and
give predictions for the relative permeability of the nanocomposite with different
platelets volume fraction and different particle aspect rafiagute 1-8b).**® Based

on their theorythe synthetic hectorite, which is completely exfoliated with a larger
aspect ratio, is the best choice as the filler. Mdler et al. compared the barrier and
optical properties of the natural MMT and a series of synthesis heatoated
polypropylene fims. The results show that the lithithrectorite with an aspect

ratio >>1000 is superior in the barrier properties enhancement which represents as
litleas0.4% of the neat PP suUf'strateds transmiss
Traditional melt extrusion for blendingaimoplastic polymer and clay is limited due

to the inefficient exfoliation of platelets filler and the concentration of filler, and
thereby decreasing the aspect ratio. Zhou et al. concluded thefstia¢eart method

for the preparation of clay contaigjrilms and their functionalit}.”*! Solvent casting,
spincasting Figure 1-8c) and doctor bladingHRigure 1-8d) are frequently used
approaches for assembling polymer/clay nanocomposite films. The existence of clay

nanoplatelets homogenously distributed the complete films frequently increases
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the mechanical and barrier properties. In some cases, the results show that a high
content of clay will lead to neaniform and brittle films. The layer of many of these
mineral clays is negatively charged becaaésomorphous substitutidh*! which

might cause aggregation or precipitation of clay in some organic solvent or meet with
some charged polymers. Modification of clay with organic compounds through cation
exchange has proven an efficient way to elinente aggregation in the dispersion

and enhance the interaction between clay platelets and polymer matrix after
solidification?®*?%! Many researchers have reported on the preparation of
plateletreinforced polymer/clay nanocomposites with high stiergid toughness by
mimicking the mechanically excellent structure of nacre. Das et al. prepared
transparent, highly ordered, largeale nacrenimetics films via incorporation of
different aspect ratios between nanoclay and PVA matrix and investigated the
relationships among structure formation, nanostructure, deformation mechanisms,
mechanical properties and the aspect ratio of the fifférinvestigation results
demonstrate a large aspect ratio benefit, and superior mechanical and barrier
properties. \Valther et al. report a nacre mimetic paper with excellent mechanical
properties, lightweight character and fi@nd heatshielding performances prepared
through a papemaking process by using poly(diallyldimetkasnmonium chloride)
modified montmorillonie as a raw materi#8f” Many other studies have also
suggested that the functional films containing clay have potential applications in
many areas, such as catalysis, modified electrodes, optoelectronic devices, and
anti-corrosion and packaging matesi&f’:207:208!

On the other hand, coating a compact layer of clay containing nanocomposite with
nanoscale thickness on the surface of the matrix films can enhance the barrier
properties extremely regarding the precondition of retaining the intrinsidlentce
mechanical and optical properties. The facile strategies for polymer and clay
nanocomposite coating include drogasting, spray coating, layby-layer assembling

(Figure 1-8¢) and vertical and horizontal depositiofigure 1-8f).'"* All of these
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coating processes enable the versatile and benign assembly of the polymer and clay

nanocomposite layer on the substrate with different thicknesses and morphologies.
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Reprinted with permission from ref 203. Copyright (2009) Elsevier. (c), (e) and (f) Reprinted with

permission from ret71. Copyright (2011) Royal Society of Chemistry.

Inspired by mussel shdike natural bienanocomposites, for example, a
nanocomposite layer containing cationic recombinant spider silk protein and synthetic
sodium hectorite was coated onto a PET sabstby an all aqueodsased
drop-casting procesé® The testing results of the oxygen transmission rate (OTR)

demonstrated the bisanocomposite is 6fdld more efficient than higiperformance
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packaging materials such as poly(vinylidene chloride) ardf@d better than PET,
which makes it highly suitable for new, green, flexible packaging applications. In
another report, a modified hectorite and polyurethane nanocomposite layer was coated
on PET foil by simple docteblading!®’® The coated nanocompites layer with a
thickness as low as 1&5n, but with an enhanced OTR and water vapour transmission
rates reached exceptionally low values of 1102 cm® m?day* bar* and < 0.05 g

m? day* at 50% relative humidity (RH), respectively. One example of spray coating

is given by Habel et al.: glycol chitosarclay nanocomposite layer was coated on
PLA film via sprayi n@g" The resultant fally degrgdabiee n o
polymerbased film shows competitive oxygen barrier properties (OTR = ¢hf7

m? day* bar' at 75% RH) which afords a valuable alternative to conventional less
ecofriendly food packaging materials.

Utilizing the opposite charged character, lalggilayer assembly, multilayer
structured coating of alternate depositions of clay and polyelectrolyte on the polymer
substrate was designéd?2*®! The thickness of the bilayer of clay and polyelectrolyte
can be controlled by changing the concentration of the clay suspension and the
polyelectrolyte solution, as well as the number of layers. Polyelectrolytes such as
poly(diallyldimethylammonium chloride), poly(ethylenimine), poly (vinylbenzyl
guaternary ammonium chloride), and polyacrylamide have been used to form
layerby-layer films with clay plateleté’" In one study, a 231 nm assembly was
formed after 70 layers of pdethylenimine) and clay coating on 1@ PET film,

and the OTR was below the detection limit of commercial instrumentation (< 0.005
cc/(nf day atm)f?*? Vertical and horizontal deposition, also known as the
LangmuirBlodgett technique, is adopted tmat the ionic surfactasmhodified
nanoclay on the substrate material by controlling the hydrophilicity and
hydrophobicity!'*?142!*I The substrate materials for LangmBiodgett assembly
focus on inorganic materials, suchsalécon and glasssoas b lack of the example

for the gas barrier application.
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2. An Overview of The Thesis

Rigid-rod polymers, such as BBB, with ladder or séaaider conjugated structures
have proven to be high strength, high modulus and-tegtperatue resistant, but the
insolubility in common solvent and infusibility limit their processing and applications.
The present studies have been carried out with the aim of processing BBB to
nanofibres by electrospinning, assembling BBB nanofibres into 3D spoagd
composite membranes incorporating lagesilicate (NeHectorite). Theresultsare
presented in the form of a cumulative thesis with four published articles in
peerreviewed journalsdection 2.1to 2.4) as summarized in the following picture

(Figure 21).

Molecular Self-Assembly Based on Electrospinning
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Figure 2-1. Pictorial summary of the prepared work as described in secti¢h®.1

The BBB nanofibres were prepared successfully for the first time using a bgttom

approach by electrospinning the claterespond
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polymer (PVP) followed by solidtate polymerization of monomers at a high
temperature and simultaneous pyrolysis of the template polymer. Details about the
preparation procedures and characterizations are describedtion 2.1 This part of

work was started as my master s thesis and
Haoqing Hou, Jiangxi Normal University. Isection 2.2 in order to expand the
application of BBB nanofibres, the BBB short fibres were assembled intdémsaity

3D sponges. Thdrsicture, mechanical stability, intrinsic flarnetardant property and
applications of BBB sponges in organic solvents uptake and thermal insulation were
explored.

Furthermore, the composite porous membranes of BBB and layered silicate were
studied for tleir preparation method and properties. Layered silicate, with great
thermal stability and intrinsic flamesistance, is considered as a processing additive
for the preparation of lowlensity, flexible and neflammable BBB membranes. In

this section gecton 2.3), the composite membranes were prepared via an upscalable
vacuumassisted filtration selissembly process and their flamesistant properties

are studied.

In the last sectionsgction 2.4, the unique gas barrier advantageous features of
layeredsilicate and the specific hierarchical pore structure of electrospun membranes
are combined together to make a flexible, strong and highaa®r membrane. This
section aims to obtain a layered structured thin film with an independent compact
clay-basel nanocomposite layer embedded inside a polymer matrix. The final part of
the work would provide a basis for making dmsrier thin films using
high-temperature polymers in the futui@etailed coverage of the experimental parts,

results and discussionarcbe found in thappendix Chapter 5).

69



2. An Overview of The Thesis

2.1 Nanofibre Preparation of Nonprocessable Polymers by Solibtate

Polymerization of Molecularly SelfAssembled Monomers

Molecular Self-Assembly Based on Electrospinning

V7

HOOC COOH

NH,

NH,

Polyhisbcnzimidazobcnzophenanth;'olinc-di()nc (BBB)

Jian Zhu,Yichun Ding, Seema Agarwal, Andreas Greiner, Hean ZhadgHaoqing
Hou. Narofibre preparation of noeprocessable polymers by scbtate
polymerization of molecularly seissembled monomerslanoscale 2017, 9(46),

1816918174.

High-performance BBB is generally prepared by polycondensation of
3,3 ,4,4tetraaminobenzidine (DAB)and 1,4,5,&aphtalene tetracarboxylic acid
(NTCA) at a high temperatur&¢heme 21).

= N o - « _NH7|

HOOC < )—CooH | HN— 2 NH, DMAc THOOC— f COOH---H;N m\j 7

HOOC COOH H. V/:\—L --HOOC COOH---H;N S & NH-
n

NTCA poly(NTCA/DAB) supramolecules (PNDS)

s %Jﬁsﬁ

Polybisbenzimidazobenzophenanthroline-dione (BBB)

Scheme 21. Synthetic scheme and chemical structure of the BBB polymer.

The BBB nanofibres were successfully prepared for the first time by a batiom
approach usg an electrospinning technique. The complete new procedure of BBB
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nanofibre formation includes two steps, as showrignire 2-2: 1) Electrospinning of
monomers (DAB and NTCA) precursor fibres incorporating a high molecular weight
sacrificial polymer (PY was used) to assist the fibre formation; and 2) transforming
the monomers to high molecular weight BBB in a solid state at a high temperature
and pyrolysis, simultaneously with the sacrificial polymer. Using this approach, a
random BBB nanofibre mat analigned nanofibre belt were prepared by using a

stationary plate and higépeed rotating collector, respectively.
a) IB)« P q ; |-c)

Electrospinning

...

vy

DAB/NTCA/PVP DAB/NTCA/PVP BBB nanofibers
solution nanofibers

Figure 2-2. Procedure of the preparation of BBB nanofibres by electrospinning.

The formation of BBB on a template (PVP) fibre was followsd Fourier transform
infrared spectroscopyF{gure 2-3a). The PVP characteristic absorptions at 1669'cm
(C=0 stretching vibrations) and 2948 ¢rfC-H stretching vibrations) disappeared. New
peaks appeared at 1699, 1616, 1578 and 1547comespondingo the C=0, C=C, C=N
and @ N vibrations attributed to BBB on heating above 400 The formation of BBB
took place through condensation of the intermediate structure, such as amide (s¥ucture

imide (structureB) and benzimidazole (structu@®) (Figure 2-3b).
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Figure 2-3. (a) Fourier transform infraredpectra of PVP, aspun precursor nanofibres and BBB

nanofibres. (b) Possible routes for the polymerization of NTCA and DAB to BBB.

The final BBB fibres are excellently thermasistant with the degdation onset
temperature above 600 €, and% (Tsy) and 1% (Ti00) Weight loss temperatures of

641 € and 698 C, respectively, at NatmosphereKigure 2-4a). There is no clear glass
transition temperature, as observed from the dynamic mechanicgsianalkeasurement

up to 500 €. The morphology and diameter of BBB fibres were observed by scanning
electron microscopy (SEM).

The effect of the amount of the template polymer and-tneatment temperature on the
mechanical properties of BBB nanofibre tselvere studied systematically. The highest
tensile strength (365 £5 MPa) was achieved for a BBB belt made from precursor PNDS
and PVP (8:2) and a heat treatment at 500 €. Furthermore, the strength could also be
increased by hedtretching of the fibredue to the molecular orientatioRigure 2-4b).

The mechanical properties of individual BBB nanofibres were also investigated, and the
results are shown iRigure 2-4c andd. Both the stress and modulus of single nanofibres
increased with the decrease bétfibre diameter, similar to the observations in previous

reports on other fibres, whereas the strain changes less with the fibre diameter.
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Figure 2-4. (a) TGA curve of BBB fibres and TGA curve of BBB nanofibres. (b) Stsésin

curves of the BBB narfibre belt prepared without hatretching and with hegtretching at 5 N.

(c) Strength and (d) modulus of individual BBB nanofibres with different diameters (results from

PNDS and PVP (8:2) and 500 € treated sample).

In conclusion, higkstrength, highmoduli, hightemperaturgesistant electrospun BBB

nanofibres were prepared for the first time using a new strategy including monomers

precursor electrospinning followed by solid polycondensation. The transformation

process was confirmed by Fourier tramsfoinfrared spectroscopy. In the nest sections

the BBB fibres were used for making 3D sponges and porous composite membranes with

layered silicate (Ndectorite) with excellent thermal stability and Ataammability.
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2.2 Low-density, Thermally Stable amd Intrinsic Flame-Retardant

Poly(bis(benzimidazo)Benzophenanthrolinedione) Sponge

Jian Zhu, Shaohua Jiang, Haoging Hou, Seema Agarwal, Andreas Greiner. Low
Density, Thermally Stable, and Intrinsic Flame Retardant Poly (bis (benzimidazo)
Benzophenanthrole-dione) SpongeMacromolecular Materials and Engineering

2018 303(4), 1700615.

In this part of the work, BBB fibres prepared in the previous section were used for the
preparation of mechanically stable, lal@nsity and compressible sponges with rtredr
stability, flameretardant and thermal insulating properties. In order to prepare the
sponges, the BBB fibres were mechanically cut to short fibres with a diametefi 80000

nm and a length in the range ofi500¢ mFigure 2-5a, b). The short fibre dispersion in

water was freezdried to get a sponge with the hierarchically ordered dual pore structure
(Il arge pores more thahbOl€&mre2bc,d.nd s mal | por e
The use of a glue (PVA) was found te britical for the stability of the sponges prepared.

A systematic study showed the increase in the compressibility of the sponges upon use of
PVA glue Figure 2-5¢). The sponges inherit the great thermal resistance of BBB polymer
(Figure 2-5f). More tham95 % size recovery was achieved after a very high compression

of 80 % which achieved about 90 % recovery after 50 cycles.
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Figure 2-5. (a) Microphotograph of BBB short fibres. (b) Length distribution of BBB short fibres.
(c) SEM images and photos of BBBonge from pure water dispersion and (d) BBB sponge from
PVA glue after annealing treatment. () Compression test of BBB sponge from PVA glue with

different density. (f) TGA curves of BBB sponge in air andcbhdition.

The sponges showed very low theintonductivity (0.0280.038 W mK") depending

upon the sponge density, which was measured by a Hot Disk Thermal Constants Analyzer
(Figure 2-6a,b). The sponges showed very high sorption capacity183 times their

own weight) for organic solvent$he aitstanding thermal isolation property of porosity
polymer materials is also found identically in BBB spongeémgure 2-6c,d). More
importantly, the intrinsic flameesistant property of BBB sponge was proven when

75



2. An Overview of The Thesis

neither a real ignition nor flaming comtiam was observed when the sponge was placed

on a naked flame~{gure 2-7).

(a)0.034- ¢ Thermal conductivity

6 8 10 12 14
Density (mglcm])

(b)1 .054 @ Thermal diffusivity

6 8 0 J2 1 o) e i |00 BT 3698

Density (mglcm’)

Figure 2-6. (a) Thermal conductivity and (b) thermal diffusivity of BBB sponge changes with
density. (c) Digital photos and IR camera photos of BBB sponge and {d)c&inpresse@BB

sponge on a higtemperature plate.

(a) PS foam / 2s /’

(b) Pl sponge
( C) BBB sponie 60s

Figure 2-7. Photos of (a) polystyrene sponge, (b) Pl sponge and (c) BBB sponge put on a naked

76



2. An Overview of The Thesis

flame.

In conclusion, BBB lowd e nsi t vy ( O ), 1cBmpeessibteg elastioy intrinsic
flame-retardant, thermally nsulated sponges with higbmperature resistance were
prepared to extend the application of BBB nanofibres. The sponge preparation required
the use of a sacrificial glue, such as PVA, to help disperse the BBB fibres in water,
seltassemble the pore struce hierarchically during FD, and finally enhance the
mechanical stability. This sponge is quite suitable as insulation material in a harsh
environment, such as a high temperature. Furthermore, short BBB fibres were used to
make porous membranes by the \atl method. In this method, filtration of the short
fibre dispersion through a filter leads to the random laying of fibres on top of each other
due to percolation and provides a membrane. The BBB membrane prepared by this
method was weak. Therefore, twerk was continued with BBB/Nhectorite composite

membranes, as described in the next section.
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2.3 Gradient-Structured Non-flammable Flexible Polymer Membranes

Jian Zhu, Josef Breu, Haoging Hou, Andreas Greiner, Seema Agarwal. Gradient
structured notfflammable flexible polymer membrane&CS applied materials &

interfaces2019 11 (12), 11874.1883.

In this part of work, flexible composite membranes comprised of BRIt stanofibres

and inorganic Ndnectorite (Hec) were fabricated by using a botgmvacuurmassisted
selfassembly method with an aqueous dispersion of short BBB fibres and-lgece(

2-8a). Electrospun TPU was used as a filter. These membranes in additghowing

good mechanical properties, neither sustained flame, burnt with smoke nor showed melt
dripping. Inhomogeneous distribution of Hec on the top and bottom of the membranes
was observed from the SEM images. The Hec was primarily concentrated battbm

side as a compact layer with all the fibres interconnected and covered by Hec nanosheets
due to the larger density of HeEigure 2-8b, ¢). Crosssectional SEM images and Si
atom mapping, obtained by enerdgpersive Xray spectrometry analysikigures 2-8d,

e), confirmed the gradient distribution of Hec. There was an enhancement in the
mechanical properties of the composite membranes due to the connection of BBB fibres
through the fl exible Hec nanoamislargesthan T h e

the diameter of BBB fibre (7001800 nm) t
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2. An Overview of The Thesis

detailed study was carried out by changing the ratio of Hec:BBB short fibres on
membranes. Interestingly, membranes with a very high Hec content (82 wt.%)dshowe
high modulus (237 +22 MPa) and flexibility (did not show cracks even after bending

10,000 times). The composite membranes exhibited a very high decomposition
temperature (5 wt.% mass temperatureis24 °C) and large residual mass at 8

(80i 94 %), which confirmed the good stability. The thermal conductivities of the

composite membranes studied wergSBEmW ni*K ™, depending on the content of Hec.

(a) ] =

e?o A\
\be‘é' N
—_—
y J— Filtration
‘\\'gz‘) s =~ —
‘aa

. Hec/BBB suspension
Fiber mat

Hec/BBB membrane

— -

BBB short fibers Hec

Figure 2-8. (a) Preparation process for the Hec/BBB membranes. SEM images of bottom (b) and
top (c) sde of the membrane of-H1/B-36 (61 and 36 is the percentage of Hec and BBB fibres).
(d) SEM image of crossection and (d) Si atom mapping obtained fremergydispersive Xray

spectrometryf the H61/B-36 membrane.

More importantly, the compact Heayler at the bottom side avoids the hole formation of
the composite membrane upon being subjected to thetdigberature flame (80%C)
(Figure 2-9a), thus, shielding the flame and protecting the cotton from burrkirggie
2-9b) even after a long periodf dneating (a minimum of 30 min). The flame was
strengthened by using a higgmperature Campingaz burner (around 140DPpand still
could not break the composite membrane to form a Hetie 2-9c). In addition, no
sustained combustion of the Hec/BBB niwanes was observed even when the

membranes were ignited in a 120 O, atmosphereKigure 2-9d). No combustion or
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change in the samples before or after the cone calorimeter test was observed, reflecting
the excellent flameetardant propertied={gure 2-9¢). No melt dripping was observed

during any of the tests in this study.

(b)  H-38/8-59

Before
test

Figure 2-9. (a) Pure BBB fibre membrane fixed on a steel frame to shield the flame. (b) Cotton
ball protected with the Hec/BBB composite membranes. Inset shows photos of the Hec/BBB
membrane after the test. (c) Photos of the Hec/BBB membra@/8L23, 73 and 23 is the
percentage of Hec and BBB fibres) placed on the flame of a Campingaz burner (1400 €). (d)
Ignition process for the Hec/BBB (A3/B-23) membranes in a 180 O, atmosplere. (e) Photos

of the Hec/BBB membranes before and after the cone calorimeter test.

In conclusion, notfilammable gradierstructured composite membranes combining the
advantages of BBB nanofibres and large aspect ratio Hec with a synergistic effect were

prepared via an upscalable vacuassisted filtration process. Such lalensity, flexible,
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mechanically strong, flameetardant membranes are highly promising for use as
lightweight construction materials and protective clothing. In the last part of the wo
another method was established for making polyHezatorite composite membranes in a
layerby-layer structure. The studies related to it are detailed in the next section. The
studies were carried out using TPU and layered silicates as model matedialarabe

extended easily to other higierformance polymers in the future.
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2.4 Filter-Through Method of Making Highly Efficient Polymer-Clay

Nanocomposite Membranes

TPU support

hTPU « 7 (PVPclay
N )

solution

{\\ P dispersion
O %
A
R ® -
K© %
(¢)
I <® i

TPU/(PVP-)clay bilayer

~
~~
~~

Hotpress &

S~ (180°C) w
TPU/clay-PVP/TPU TPU/PVP-clay/TPU
laminate sandwich

Jian Zhu, Christoph Habel, Theresa Schilling, Andreas Greiner, Josef Breu, Seema
Agarwal. FiltefThrough Method of Making Highly Efficient Polyméiay
Nanocomposite MembranesMacromolecular Materials and Engineering2019

1800779.

This part of the work deals with polymelay composite membranes of laysrlayer

type made by sandehing layered silicates between two polymer membranes.
Electrospun membranes with a hierarchical pore structure and variable pore diameter are
used as filters for vacuwasssisted filtration of large aspect ratio layered silicate. In this
work, layered strcture, flexible, strong polymer films with enhanced -basrier
properties were fabricated through coating ddaged nanocomposite (P\HEC)
ultrathin layer on an electrospun thermoplastic porous support (a TPU mat) with the
filtration method, followed bya hot press proces$igure 2-10). After filtration of
PVP-Hec dispersion with a TPU mat as a filter, the FN@t was coated on the surface of
the TPU mat homogeneouslyigure 2-11a, b). The thickness of the coating layer can be
controlled easily via chajing the concentration of the dispersion. A sandvilah

transparent film was prepareg bovering another TPU mat upon the coated mat and
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followed by a hot press to avoid the damage of the high content Hec nanocomposite layer
and make it fit for the p&aging applicationKigure 2-10c, d.

Clay suspension / Polymer clay dispersion

TPU soluton =
il TPU support /1= TPUI/(PVP-)clay bilayer

& D

}ﬂ N ey
& (2) Filtration
L
S
Qg“\ TPU/(PVP-)clay/TPU laminate
&

Steel mesh S D

TPU/(PVP-)clay/TPU sandwich

Figure 2-10. Fabrication procedure of TPU/P\HRec/TPU films.

(c)  TPU coated PVP-Hec (d) p3L-PVP-Hec-5.2

Hot press m E

-
\
\ W
. lcm o

— z
— o

Figure 2-11. SEM images of the surface (a) and cresstion (b) of a PVfMec coated TPU mat.

Photos of the PVAMec coated with TPU mat (c) and thHlegered film (d) after hot press.

The transmittance of the final films with a different thickness of the-Pe®@ layer inside

is in the range of @B0% (Figure 2-12a). The Hec nanosheets with a highly aligned
arrangement were confirmed by thera§y diffraction Eigure 2-12b) patterns and
transmission electron microscopyage Figure 2-12c). An independent P\AHPlec
nanocomposite layer embedded inside thin TPU films increases the elasticity modulus
dramatically but does not lessen the strength mbegue 2-12d). The thickness of the
PVP-Hec layer is gorominent influence on the modulUsidure 2-12e). Finally and most
importantly, the @ barrier properties are greatly improved with the PNt

nanocomposite layer inside compared to the pure TPU film dtieetelongation of the
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tortuous path in the interlaydfigure 2-12f).
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Figure 2-12. (a) The transmittances of the final laminate . Xkay diffractionpatterns of the neat
pressed TPU support, Hec and PMEc coated with TPU support, and the final-passed
laminate. (c) Transmission electron microscampage of the alignment of the clay nanoplatelets

in the interlayer PVMHec nanocomposite. (d) Strestsain curves of final hgpressed laminate. (e)
Comparison of the elasticity modulus of the lamisaiéthis work and the TPU nanocomposites

of other publications. (f) Oxygen permeability of final laminate membranes changes with amounts
of Hec at 500 RH. The HAtortuous pathwayo <created

nanosheets into a PVP matrixaiso illustrated.

In conclusion, we propose a scalable, fast and simple processing method here of
coating a nanosheets layer on an electrospun support by filtration which enables the
fabrication of lightweight barrier membranes. Depending on the variatib
electrospun porous supports and diversity of the functional modification of coated
nanosheets layer, this method offers flexibility regarding the overall performance of
the resulting barrier membranes. The resulting flexible composite membranes are

strong, transparent and show enhancedbgager properties.
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3. Outlook

High-strength, high modulus, higiemperature stable, and flamesistance polymer
films, fibres and composite materials are always greatly required in the fields of the
aerospace ptustry, electronic engineering, protective clothing and the automobile
industry. Many polymers possessing this unique performance are limited in real
application because of their processing problems. In this thesis, we show for the first
time a new procede of preparation of an insoluble and infusible conjugated polymer,
such as BBB nanofibres, using electrospinning. Subsequently, these fibres were used
for the preparation of sponges and composite membranes. In the future, the
preparation and applicatiorf bigh-performance nanofibres and composite materials
by electrospinning require more investigations in different aspects.

Firstly, regarding the method of preparation, conjugated fibresighranonomers
polycondensatiom solid-state are highly limitedybthe solubility of the monomers.
Secondly, some more complicated structures such as porosity or doped BBB
nanofibres withadditively functions are also an interesting direction. Composite
nanofibers, for example, can be obtained without further treatoyauiging the higher
residual polymers instead of PVP as the sacrifice polymer or using additives.

Thirdly, the formation of films based upon the same solution system is still a
challenge. Why is the fibre formation smooth but the film problematic? Tiemre

and experimental research is required.

Furthermore, the applications of BBB nanofibres are not confined to fire prevention.
The applications of BBB nanofibres in the fields of photoelectric, energy filed,
high-temperature catalysis and absorptioa highly interesting for future research.
Largescale electrospinning is still not trivial and upscaling needs to be tried in the

future.
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Polybisbenzimidazobenzophenanthroline-dione (BBB) is a high-
performance polymer which is characterized by very high mechan-
ical strength in combination with exceptional thermal stability, but
it cannot be processed to electrospun fibres for any useful appli-
cations due to its insolubility and infusibility. We overcame all
obstacles in the electrospinning of BBB by a new bottom-up, and
facile approach for the solid-state polymerization of self-
assembled monomer precursors. Key to this new strategy is the
incorporation of a high molecular weight sacrificial polymer to aid
in fibre formation. The resulting electrospun BBB fibres and belts
prepared thereof according to this new approach are very strong
and show excellent thermal stability. We envisage that this pro-
cedure could be applied to other cl ble high-
performance polymers for the preparation of electrospun fibres for
applications such as filtration, sound insulation, battery separation,
electrodes, fire protection, and reaction engineering under
demanding conditions.

of non-pr

Polybisbenzimidazobenzophenanthroline-dione (BBB)
(Scheme S1f) is an example of a heterocyclic rigid-rod
polymer." The rigid-rod ladder structure of BBB makes it
robust with outstanding heat resistance and mechanical
properties.'™ Moreover, BBB showed no softening at tempera-
tures up to 425 °C (the thermal limit of the testing apparatus),
no weight loss up to 600 °C in nitrogen, and less than 10%
weight loss at 315 °C after 1500 h in air."*” In contrast, poly-
imide which is an industrially used high performance polymer
degrades in air after 1000 h at 300 °C with more than 5%
weight loss.® BBB exhibits interesting electronic, optical and
optoelectronic properties due to its conjugated structure,” and
this has led to recent research and development of BBB-con-
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Nanofibre preparation of non-processable
polymers by solid-state polymerization of
molecularly self-assembled monomers+

Jian Zhu,*® Yichun Ding, (2@ Seema Agarwal, {2 ° Andreas Greiner,*® Hean Zhang®

taining photovoltaic devices, transistors and batteries.® We
expect that the significantly higher electrical and electro-
chemical behaviour of BBB fibres will outperform other conju-
gated polymers due to their extreme molecular rigidity in com-
bination with their outstanding thermal stability.

BB polymers (including BBB and BBL, Scheme S2t) are
conventionally synthesized by the polycondensation of
1,4,5,8-naphthalene tetracarboxylic acid (NTCA) and either
3,3-diaminobenzidine (DAB) or 1,2,4,5-tetraaminobenzene
(TAB) in polyphosphoric acid (PPA) at a high temperature
(~200 °C). However, there has not been a major breakthrough
in the preparation of BBB fibres since the 1960s, as their in-
solubility in common solvents has prevented the establishment
of fibre processing and film formation techniques and there-
fore has been a bottleneck to progress. The new possibility of
processing of BBB would enable their integration in demand-
ing systems which are otherwise not accessible for polymer
materials due to their limited thermal stability. This insolubi-
lity also means that BBB-based high-performance nanofibres
cannot be prepared by electrospinning, a fibre production
method that has attracted worldwide interest over the past
two decades.””"? Electrospinning has been established as
the state-of-the-art method for the coating of substrates
with nanofibre-based nonwovens. Nearly any soluble, disper-
sible or fusible polymer as well as mixtures with other com-
pounds like pigments, clays, catalysts, dyes, drugs, enzymes,
microbes, and cells could be electrospun. A particular advan-
tage of electrospinning is that it represents a roll-to-roll tech-
nique for nanomaterials which enabled its technical trans-
lation. With a few exceptions, high-performance polymers
cannot be electrospun to nanofibre nonwovens. For example,
polyimides (PIs) are such an exception. They can be pro-
cessed from polyamic acid (PAA), a soluble intermediate
during the synthesis of PIs, followed by thermal imidization,
a process known as the precursor route’*™'® even on an indus-
trial scale.'”'® However, this route is not applicable for the
preparation of BBB nanofibres, because the precursor spin-
ning solution forms an insoluble and non-processable gel
owing to the reaction of the four amino groups in the

Nanoscale, 2017, 9, 18169-18174 | 18169



5. Appendix

Published on 30 October 2017. Downloaded by UNIVERSITAT BAYREUTH on 01/12/2017 08:03:50.

Communication

monomer DAB with 1,4,5,8-naphthalenetetracarboxylic di-
anhydride (NTDA).

Therefore, a completely new concept was required which we
developed based on a bottom-up approach. The idea was to
self-assemble the monomers 1,4,5,8-naphthalene tetra-
carboxylic acid and DAB in dimethylacetamide (DMAc) during
electrospinning with poly(vinyl pyrrolidone) (PVP) as a sacrifi-
cial template. As a result PNDS/PVP composite fibres were
obtained.’ In the second step, heating the PNDS/PVP compo-
site fibres above 460 °C polymerized the self-assembled mono-
mers in the solid state to form the BBB polymer nanofibres
and simultaneously removed the sacrificial PVP by thermal
decomposition. Note that any kinds of spinnable polymers
could be used as a template for assisting the formation of BBB
nanofibres; herein PVP was selected as an example for the
preparation of BBB nanofibres because it is not only a linear
polymer with good spinnability but also almost completely
decomposes at a high temperature that could give the neat
BBB nanofibres. Even though the decomposition of PVP might
leave some vacancy defects that will affect the mechanical pro-
perties, a small amount (~20 wt%) of PVP was used and the
amount of PVP had no significant influence on the mechanical
properties of BBB nanofibres (discussed subsequently). On the
other hand, un-sacrificial template polymers, such as poly-
imides, could be applied in the preparation of BBB composite
nanofibres in which there are no vacancy defect issues. The
fabrication process and chemical conversion are schematically
depicted in Fig. 1.

For fibre formation, NTCA and DAB were mixed in DMAc
(30 wt%) at a low temperature (-5 °C) for two hours to self-
assemble into PNDS via hydrogen bond formation between the
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two monomers in order to probe and optimize the concept
shown in Fig. 1. However, this PNDS solution could not be
electrospun into nanofibres: only small particles were
obtained, as shown in Fig. S1.1 This was likely due to its rela-
tively low viscosity. With the addition of PVP, the PNDS/PVP
solution had sufficient viscosity (2.0-4.0 Pa.S) to form continu-
ous, smooth and uniform nanofibres. Nanofibre mats with
random fibres (Fig. 2a and a’) and nanofibre belts with well-
aligned fibres (Fig. 2b and b’) were obtained using stationary
and high-speed rotating collectors, respectively. Scanning elec-
tron microscopy (SEM) (Fig. 2a’ and b’) and transmission elec-
tron microscopy (TEM) (inset in Fig. 2c¢) images demonstrate
that the as-prepared BBB nanofibres have a smooth surface
and uniform diameters. Well-stacked lattice fringes along the
BBB nanofibre axis were observed at the edge of the nanofibre
by high-resolution TEM (Fig. 2¢ and d). The lattice fringe
spacing is approximately 0.35-0.36 nm (Fig. 2d), which could
be considered as the stacking space between the planar repeat
packing units of aromatic ladder molecules. The selected area
electron diffraction (SAED) pattern of the inset in Fig. 2d
shows an amorphous nature, revealing that the BBB nanofibre
has no crystallites. The amorphous structure is likely caused
by the influence of the six possible structural isomers of the
BBB molecules in the repeat unit (Fig. S21), and the loop coil
structure of the molecular chain.**’

Chemical structures and thermally induced chemical func-
tional group conversions during BBB fibre formation were
investigated using Fourier transform infrared spectroscopy
(FTIR) by a comparison of the FTIR spectra of PVP, as-spun
PNDAS/PVP nanofibres, and BBB nanofibres obtained after
annealing (Fig. 2e). During the heat-treatment process, PVP
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Fig. 1 Schematic illustration of BBB nanofibre preparation: (a) schematic illustration of the preparation of BBB nanofibres by molecular self-assem-
bly and electrospinning; (b) synthesis scheme and chemical structure of the BBB polymer.
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Fig. 2 Morphology, chemical structure and thermal characterization of BBB nanofibres: (a and a’) SEM images of BBB nanofibres showing random
arrangement and (a’) is the magnified SEM image of (a); the top-right inset of (a) is a schematic illustration of the electrospinning set-up for preparing
a random BBB nanofibre mat using a stationary collector; the bottom-left inset of (a) is a photograph of the BBB nanofibre mat; (b and b’) SEM
images of BBB aligned nanofibres and (b') is the magnified SEM image of (b); the top-right inset of (b) is a schematic illustration of the electro-
spinning set-up for preparing an aligned BBB nanofibre belt using a high-speed rotating collector; the bottom-left inset of (b) is a photograph of the
aligned BBB nanofibre belt; (c) high-resolution TEM image of a single BBB nanofibre; the inset of (c) is a transmission electron microscopy (TEM)
image of BBB nanofibres; (d) the magnified TEM image of (c), and the inset is a selected area electron diffraction pattern; (e) FT-IR spectra of PVP,
PNDS/PVP and BBB nanofibres. (f) TGA and DTG curves of the PNDS/PVP composite nanofibres (8: 2); (g) TGA curve of BBB nanofibres (prepared
from PNDS/PVP (8:2) at 500 °C) under nitrogen; (h) TGA curve of BBB nanofibres prepared from PNDS/PVP precursors with different weight ratios
(8:2,7:3,6:4, and 5:5) followed by heating at 500 °C; (i) storage modulus (E’) and tan & of the aligned BBB nanofibre belt (prepared from PNDS/

PVP (8:2) at 500 °C).

decomposes at temperatures above 400 °C, as shown by the
thermogravimetric analysis (TGA) curve of PVP (Fig. $37), and
the disappearance of characteristic PVP peaks at 1669 cm™
(C=0 stretching vibrations) and 2948 em™' (C-H stretching
vibrations) (Fig. 2e). The peaks at 3300 em™" and 1710 em™
were attributed to PNDS and the characteristic absorptions of
-NH, and stretching vibrations of C=0 in -COOH. All these
peaks disappeared in the spectrum of the BBB nanofibres,
while new peaks appeared at 1699, 1616, 1578 and 1547 cm ™"
(Fig. 2e), corresponding to the C=0, C=C, C=N and C-N
vibrations of aromatic imide and benzimidazole structures,
respectively, confirming the formation of the BBB polymer
structure.”'>*

Due to the multifunctional nature of NTCA and DAB, the
formation of the BBB polymer is a complicated process.
Therefore, in a separate experiment, we studied the develop-
ment of various chemical structures during polymer formation
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by performing FTIR upon the application of a heating program
to the starting monomer mixture (Fig. S41). The formation of
the BBB polymer occurred through the condensation of inter-
mediate structures with amide, imide and benzimidazole
units. The TGA curve of the PNDS/PVP (8 : 2 weight ratio) nano-
fibres (Fig. 2f) shows the formation process of the BBB nano-
fibres. As shown in Fig. 2f by the DTG curve, the first stage at
100-250 °C shows PNDS dehydration to form amide, imide
and benzimidazole structures (Fig. $471), along with H,O evapo-
ration; the second stage at 350-500 °C is due to the decompo-
sition of PVP and the conversion of amide, imide and benz-
imidazole structures into BBB; and the third stage at tempera-
tures above 600 °C shows the degradation of the BBB polymer.
Thermogravimetric analysis (TGA) shows that BBB nano-
fibres are heat resistant with a degradation onset temperature
above 600 °C, and 5% (T’sq,) and 10% (T'0,) weight loss temp-
eratures of 641 °C and 698 °C, respectively (Fig. 2g and h), as
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measured under a nitrogen atmosphere. Dynamic mechanical
analysis (DMA) measurements of the BBB nanofibres did not
show a clear glass transition up to 500 °C but did show a tan &
less than 0.040 (approximately 0.025 at 350 °C), and the
storage modulus (E') increased with an increase in the temp-
erature which could be of significance in demanding appli-
cations as in the aerospace industry (Fig. 2i). The TMA test
shows that the BBB nanofibres had negligible shrinkage even
when heated to 450 °C (Fig. S5t). These results indicate that
the BBB nanofibres exhibit outstanding heat resistance and
thermal mechanical performance.

Next, mechanical characterization techniques were used to
investigate the influence of the PNDS/PVP weight ratio, and
the heat-treatment temperature profile, on the mechanical per-
formance of the as-prepared BBB nanofibre belts. The PNDS/
PVP (8:2) composite nanofibre belt shows a stress of ~50 MPa
and a strain of 4% (Fig. S61). After high-temperature anneal-
ing, PNDS is converted to the BBB polymer, and the PVP vis-
cosity modifier thermally decomposes. The as-formed BBB
polymers had very rigid structures, leading to a significant
increase in mechanical properties. Fig. 3a shows the typical
stress-strain curves, and Fig. 3b shows the relationship

View Article Online
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between the heat-treatment temperature and the mechanical
properties of the BBB nanofibre belts. The highest tensile
strength was 365 + 5 MPa, which was achieved for the BBB
nanofibres formed using the precursor PNDS/PVP (8:2) with
heat treatment at 500 °C. Notably, the heat-treatment tempera-
ture affects the mechanical properties of the BBB polymer to a
much greater extent than the amount of PVP in the precursor
(see Table S27).

The mechanical properties of polymer films and fibres can
be further improved using a variety of techniques, of which
the most common one is known as hot stretching and has also
been used successfully with nanofibre mats. Here, we also pre-
pared BBB nanofibre belts with hot stretching during thermal
annealing. The mechanical strength increased from 364 + 4
MPa to approximately 450 + 8 MPa (Fig. 3c) for a BBB nano-
fibre belt fabricated under a tensile force of 5 N during the
heat-treatment process.

Tensile testing of individual nanofibres was performed to
obtain a better understanding of the mechanical properties of
the BBB nanofibre mats. A single BBB nanofibre was extracted
from a fluffy non-oriented nanofibre mat and fixed to a labora-
tory-made paper framework (Fig. 3d). Part of the paper support
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Fig. 3 Mechanical characterization of electrospun BBB aligned nanofibre belt and single nanofibres: (a) stress—strain curves of different types of
BBB nanofibre belts made by changing either the PNDS : PVP ratio or the annealing temperature; (b) the relationship between mechanical properties
and the BBB nanofibre belt annealing temperature; (c) stress—strain curves of the BBB nanofibre belt prepared without hot stretching and with hot
stretching at 5 N; (d—i) mechanical characterization of an individual BBB nanofibre: (d) schematic of the method, (e) stress—strain curves, (f) load
force, (g) stress, (h) modulus, (i) strain of individual BBB nanofibres with different diameters, (j) relationship between the DMT modulus of individual
nanofibres and the fibre diameter; the tested nanofibres underwent heat treatment at 500 °C, and (k) relationship between the DMT modulus of indi-

vidual nanofibres and the annealing temperature.
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