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PREFACE

The global energy crisis has prompted researchers worldwide to look for energy-
efficient alternatives to conventional lightweight materials in acoustic insulation, thermal
insulation, packaging, electronics, environment remediation, etc. Because of their unique
properties, such as low density, high specific surface area, high porosity, ultralow
dielectric constant, super low thermal conductivity, low sonic velocity and so on, aerogels
have gained widespread attention of scientists as well as industry. Polymer based
aerogels, in particular, attracted much interest due to their superior mechanical properties
and ease of processing. Semicrystalline polymers are reported to form thermoreversible
gels in different organic solvents, where the connectedness between polymer chains is
achieved by crystallization. Solvent extraction from the gels can be eased by exchanging
the gel solvents with other green solvents. In the case of water soluble polymers, non-
covalent interactions like hydrogen bonding induce gel formation. The present thesis
focuses on developing polymer-based aerogels with superior properties and multi-
functions by the physical gelation of polymers. In the first half, structure-morphology-
property relationship in crystalline aerogels is studied. Enhancement of flame-retardant
properties of polymer aerogels is another challenge, which is addressed in the second half
of the thesis.

The thesis has been structured into six chapters. Chapter 1 provides a brief
understanding of the history, evolution, structural aspects and properties of aerogels.
Emphasis is given to polymer-based aerogels and their merits. Elaborate discussions on
various gelation mechanisms in polymers and solvent extraction strategies are also

provided. An entire section is dedicated to the flame-retardancy of aerogels, which
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includes flammability test methods, flame-retardant mechanisms, etc. The chapter is
concluded by highlighting various applications of polymer-based aerogels.

The crystal structure of semicrystalline polymers is found to influence the
microstructure of aerogels, affecting most of the aerogel properties. Chapter 2
investigates the impact of structure and morphology on the thermal, mechanical,
dielectric and acoustic properties of syndiotactic polystyrene (sPS) aerogels. sPS is
capable of forming nanoporous crystalline forms of aerogels, namely 6e and ee forms,
from their respective gels. Solvent exchange and freeze-drying techniques were used to
prepare hierarchically porous sPS (de and ee) aerogels. These aerogels exhibited a
difference in morphology, resulting in differences in surface areas, pore sizes, pore
distributions, thermal conductivities, sound absorption coefficients, etc. The intricate
polymorphic phase transition behavior of sPS crystalline nanoporous forms elucidated by
X-ray diffraction furnished useful information to the existing literature on sPS. This
chapter also demonstrated the excellent oil-water separation capability of sPS aerogel
monoliths.

Acknowledging the growing demand for sustainable polymers, Chapter 3 reports a
facile strategy for enhancing the thermal and mechanical properties of polylactide (PLA)
aerogels by the supramolecular gelation of poly(r-lactide) (PLLA)/poly(p-lactide)
(PDLA) blend and the subsequent stereocomplex (SC) formation between the
enantiomers. In the blend gel, PLLA and PDLA crystallized independently into the
corresponding crystal complex forms (¢ forms) and the complete stereocomplexation was
induced by thermally annealing the blend gel at 70 °C. Upon solvent exchange and
freeze-drying of the crystalline pure SC gel, mechanically and thermally superior SC
aerogel was furnished. The SC content in the blend gel could be tuned by varying the gel

annealing temperature. Unlike the homopolymer aerogels with fibrillar network
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morphologies, SC aerogel exhibited unique interconnected nodular microstructure. It is
this structural evolution, both at the molecular level and the micrometer length scale,
during the SC formation that instigated better thermal, mechanical and surface properties
in the PLA aerogels.

Since flammability is a major limitation of polymeric materials, Chapter 4 focuses
on enhancing the flame retardant properties of PLA aerogels. A sustainable and novel
strategy of incorporating biobased ionic molecules into the thermoreversible gels of
PLLA in a layer-by-layer (LbL) fashion during the solvent exchange process was
developed in this chapter for flame retardant modification. The ionic interactions between
the guest molecules (sodium alginate, chitosan and phytic acid) and the hydrogen bonding
between PLLA and guest molecules favored the LbL assembly. PLLA aerogels with
different sequential depositions were prepared by freeze-drying and the flammability
properties were investigated. The synergetic effect of N and P rich guest biomolecules
with char forming ability furnished excellent flame retardancy to the PLLA aerogels
without employing any halogenated or inorganic flame retardant fillers. The protocol
developed in this chapter is not limited to PLA alone; it can be used for the flame
retardant modification of other semicrystalline polymers as well.

Polyvinyl alcohol (PVA) is another commercially important and widely used
polymer for its biodegradability, water solubility, biocompatibility, low toxicity and low
cost. Flame retardant modifications of PVA aerogels are generally achieved using
inorganic fillers, but at the expense of other good properties. Chapter 5 aims at enhancing
the flame retardancy of PVA aerogels by avoiding inorganic fillers and simultaneously
retaining their lightweight nature, mechanical strength and acoustic properties. A
completely organic and sustainable polyelectrolyte complex (PEC) made from chitosan

and phytic acid was used as a flame retardant filler. Aerogels were prepared by ice

XXi



templating and freeze-drying of aqueous PVA-PEC solutions. The strong interaction
between reactive PEC and PVA ensured excellent compatibility as well as interfacial
adhesion of the filler, leading to flexible and strong aerogels with excellent anti-fire
properties. A simple surface modification of the aerogels using silane endowed sticky
hydrophobicity to the aerogels and further enhanced their flame retardancy. The salient
features of the entire research work are summarised in Chapter 6, along with the

perspectives for future work.
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2 Chapter 1

erogels, known as the world's lightest solid materials, are open-cell three-

dimensional porous materials derived from gels in which the liquid

component of the gel has been replaced with air. These materials possess
outstanding properties such as extremely low density, high porosity, high specific surface
area, low dielectric constant, super low thermal conductivity, and so on.** Dr. Samuel
Stephen Kistler produced aerogels for the first time by the supercritical drying of a silica
wet gel without destroying the gel structure and he published this work in Nature in
1931.* Subsequently, he synthesized aerogels from alumina, gelatine, agar, tungstic, ferric
and stannic oxide, nickel tartrate, cellulose, nitrocellulose, egg albumin, etc.*® In the early
1940’s, the Monsanto Corp. started the commercial production of silica aerogel in a plant
in Everett, Massachusetts after completing a license agreement with Dr. Kistler, and sold
products for many years under the trade name “Santocel”.%’ Monsanto continued the
production of Santocel until the 1970’s, and later abandoned it for reasons such as high
production cost and competition from other thermal insulation materials. But not long
after this, interest in aerogel was rekindled, in the late 1970’s, when a group from Claude
Bernard University in Lyons, France, applied sol-gel chemistry for the preparation of
silica aerogels.® However, the major breakthrough came in 1989, when Pekala extended
the techniques used to prepare inorganic aerogels for the preparation of aerogels of
organic polymers, which included resorcinol-formaldehyde and melamine-formaldehyde.®
Further, the pyrolysis of these organic aerogels led to the discovery of carbon aerogels,
which opened a completely new area in aerogel research. The last decade witnessed
fascinating advancements in the field of aerogels; nowadays, it is possible to make
aerogels out of any material, for example, biopolymers, synthetic polymers, wood,

metals, metal oxides, carbon nanotubes, graphene, boron nitride, clay, and so on.1%®




Introduction 3

1.1. Definition of Aerogel

The definition of the term “aerogel” has always been controversial. Initially, only the
gels dried by supercritical fluid extraction were called aerogels and the porous monoliths
prepared using other drying techniques like evaporation and freeze-drying were termed as
xerogels and cryogels, respectively.’®?° However, the present-day terminology has
nothing to do with the drying methods; it is rather based on material properties. The
technical definition is “an aerogel is an open-celled, mesoporous, solid foam that is
composed of a network of interconnected nanostructures and that exhibits a porosity
(non-solid volume) of no less than 50%”. In practice, any porous monolith, largely
mesoporous (pore diameter = 2-50 nm), with low density and high specific surface area
and having around 90% of its volume made up by air is treated as aerogel.'®*?! This
definition can be extended further to materials which are predominantly macroporous
(pore diameter > 50 nm), even though terminologies like open-cell foams or sponges

sound more suitable.?%2

1.2. Polymer Based Aerogels

Silica aerogels are the most studied and commercialized class of aerogels and remain
the standard reference material in aerogel research. Typically, silica aerogels possess 85-
99.8 % porosity, specific surface area between 500 and 1200 m?g?, bulk density as low as
0.003 gcm™ and ultra-low thermal conductivity (0.005-0.1 Wm™K1).2* Despite all these
wonderful properties, applications of silica aerogels are limited due to their weak
mechanical properties. The monolithic form is exceptionally fragile and brittle as the Si-
O-Si linkages that make up their structure are weak.® The past few years saw a transition
to polymer and polymer-inorganic hybrid aerogels and intense research is happening on

these materials because of their superior mechanical performance and multifunctional
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properties. This is quite evident from the increased number of publications in this area in

the last eight years or so (Figure 1.1).

500

400 -

3004

2004

100 -

Number of publications

Figure 1.1. Year-wise publications (2004-2022) with the keyword ‘polymer aerogels’

(Data collected on January 2023 from Web of Science).

Polymer aerogels, unlike their silica counterparts, are mechanically robust when
made in a monolithic form. They lose some of the advantages that silica provides, such as
transparency and exceptionally low thermal conductivity but offer an excellent blend of
properties that typically combine low thermal conductivity, energy absorption, and low
density. Thus, polymer aerogels combine typical polymer properties such as low cost,
robustness, durability, and easy processing with much of the extraordinary properties of
inorganic aerogels. Also, some of these aerogels can offer unprecedented flexibility and
the ability to be made into thin films or fibers (examples are given in Figure 1.2).25%/
Polymer aerogels are attractive candidates for multitude of applications, including
thermal energy insulation, environmental remediation, catalysis, packaging, chemical

sensors, energy storage devices, etc,18:2126:28.29
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Figure 1.2. Flexible aerogels of (a) polyimide,?® (b) polyvinyl chloride,® and (c)

polyvinyl alcohol.

1.3. Gelation Mechanisms in Polymers

In order to develop aerogels with superior comprehensive properties using polymers,
one must have a good understanding of the gel formation process in polymeric systems
and the factors affecting the stability of gels. According to Almdal et al., gel is defined as
“a soft and/or solid-like substance consisting of at least two components, one of which is
a liquid present in abundance.”® Gels are predominantly liquid by weight/volume, yet
show solid-like behavior. This is because the solid component of the gel forms a three-
dimensional (3D) network structure within the liquid and it is this crosslinking network
within the liquid that furnishes hardness to a gel. In short, the dispersion medium in gels
is solid and the dispersed phase is a liquid.

Polymeric gels consist of 3D polymer networks swollen by solvents and are mostly
binary systems. The properties of polymer gels depend up on various factors such as the
type of polymer, molecular weight of polymer, nature and degree of cross-linking, etc.
Based on the cross-linking character, i.e., the nature of bonding in gels, polymeric gels

are mainly classified into chemical gels and physical gels.31:32

1.3.1. Chemical Gels
Chemical gels are those formed by the covalent cross-linking between polymer
chains. Typically, chemical gels are prepared by addition polymerization, condensation

polymerization, free radical polymerization, or electromagnetic radiation. The former
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methods involve the addition of external cross-linking agents, whereas the
electromagnetic radiation induced gelation can be obtained without additional cross-
linkers.®® In any case, however, the formation of covalent connectivity between polymer
chains modifies the chemical structure of the polymer and eventually affects the physical
properties of the gels both at the molecular and macromolecular levels. Once chemically
cross-linked, the polymer gel becomes insoluble and the cross-linking density influences
many of the gel properties, such as elasticity, mechanical robustness, transport properties,
etc. Since the network junction points of the chemical gels are formed by covalent bonds
between either the polymers or the polymer and the cross-linker, these gels can only be
damaged by bond cleavage or by thermal degradation of polymer(s).3* Compared to
physical gels, chemically cross-linked gels are stronger due to the higher strength of

covalent bonds.

1.3.2. Physical Gels

Unlike chemical gels, the interconnectedness between polymer chains in physical
gels is brought about by the physical aggregation of polymer chains, which includes non-
covalent interactions (hydrogen bonds, ionic interactions, hydrophobic interactions, etc.),
polymer chain entanglements, helix formation, complexation, crystallization, and so on.
These intermolecular physical cross-links are not as strong as the covalent bonds but are
strong enough to link polymer chain segments for a prolonged period of time. The
lifetime of such physical gels depends mainly on temperature and similar thermodynamic
variables. Since the physical bonds in these gels are not permanent in nature, most of the
physical polymer gels are “thermoreversible”, i.e., the junction zones of the gel network
can be created or removed by cooling or heating, respectively.®3 Thus, a transition from
gel to sol (local order to disorder) and vice-versa can be achieved with the help of

temperature, as shown in Figure 1.3.
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Gel Sol
Figure 1.3. Schematic illustration of thermoreversible gelation.®’

1.4. Thermoreversible Gelation in Semicrystalline Polymers

Most of the synthetic semicrystalline polymers undergo thermoreversible gelation,
where the physical knots of the gel network are formed by tiny crystallites, rather than
chemical or other physical bonds, as shown in Figure 1.4. In general, thermoreversible
gels are obtained by cooling a mixture of two miscible entities, where one of the entities
undergoes a phase transition from liquid to solid at a particular temperature called gel
point and the second entity remains in the liquid state. As a result, the entity which has
undergone the phase transition generates a solid framework wherein the liquid component
remains confined.®-! In the case of polymer gels, the first entity is a polymer and the
second entity is a good solvent of the polymer. Here, the gelation occurs via thermally
induced phase-separation (TIPS), as the polymer-solvent affinity decreases with the
decrease in temperature. By appropriately altering the temperature of a homogeneous
polymer solution, liquid-liquid phase separation is induced, which leads to a polymer-rich
phase and a polymer-lean phase. For semicrystalline polymers, crystallization takes place
in the polymer-rich phase and this results in the gel formation as the micro-crystallites can
serve as junction points for a 3D interpenetrating network structure.*?

Though TIPS remains the most popular method for the fabrication of
thermoreversible gels of polymers, phase separation and gelation of polymeric solutions

can also be brought about using a non-solvent. This method is known as non-solvent
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induced phase separation (NIPS). In NIPS, the polymer-rich phase is constituted by the
polymer and a little solvent, similar to the TIPS method. Whereas the polymer-lean phase
in NIPS consists of the non-solvent and the remaining solvent.*?* Therefore, it is

necessary that the solvent and the non-solvent are completely miscible with each other.

(a) (b)

INS——a

\- >

Figure 1.4. Schematic illustration of polymer gels. (a) Thermoreversible gels formed by

crystalline junctions and (b) gels formed by covalent bonds.

1.5. Solvent Extraction Techniques

Solvent extraction from the gels is the key step that determines the structure,
porosity, and density of aerogels. Removal of fluids from the gel should be done in such a
way that the gel network is retained without structural disintegration. Drying procedures
can influence the properties of final products as well as the economic scalability.?*#* The
evaporation of liquid from a porous structure can generate capillary forces at the liquid—
gas—solid interfaces. Capillary pressure is inversely proportional to the pore radius.*®
Therefore, it is extremely difficult to evaporate out solvents from the nanometer sized
pores of aerogels without collapsing their highly porous structures by normal drying
methods. As shown in the temperature—pressure phase diagram (Figure 1.5), advanced
techniques such as supercritical drying and freeze-drying can avoid the capillary forces by
circumventing the liquid—gas interface.*® Even though evaporative/ambient pressure
drying is well established and industrially viable for silica aerogel production, the success

rate of this method in polymer aerogel synthesis is very low and therefore, is rarely used.
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Figure 1.5. Typical temperature—pressure phase diagram showing the drying routes: a)

supercritical drying, b) freeze drying, ¢) vacuum drying, and d) oven drying.*’

1.5.1. Supercritical Drying

Supercritical drying takes the gel solvents above their critical temperatures and
pressures to circumnavigate the liquid—gas interface. The critical point of water is too
high; a temperature of 374 °C and pressure as high as 22.1 MPa must be reached to
convert water into the supercritical fluid. Hence, solvents like ethanol with a lower
critical point (241 °C and 6.14 MPa) were initially used as supercritical drying solvents.*
Once the low-temperature process was introduced, CO, became the most favorite
supercritical drying solvent due to its very low critical temperature of 31 °C (critical
pressure = 7.38 MPa). The cost is also acceptable to go with the mild supercritical
conditions.*

From the industrial point of view, the major drawback of supercritical drying is
associated with the solvent exchange process, which is time consuming. Particularly, in
the case of hydrogels, as the miscibility of water with CO2 is poor under pressure, the
hydrogels must be exchanged with CO2 miscible organic solvents. The capital
investments and maintenance costs for such high-pressure equipment are very high,

which poses another challenge and the reduction of the same depends also on regional
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laws and regulations for high-pressure gas safety. Over half of the current market
requirement of silica aerogels is met by supercritical CO. drying of silica alcogels since it

is an industrially viable process.

1.5.2. Freeze-Drying

Freeze-drying avoids the liquid—gas phase boundary by freezing of the gel liquid
and the subsequent sublimation. The gel is cooled below the triple point of the pore fluid
and vacuum is applied. Under isobaric conditions, the frozen gel is then subjected to
controlled sublimation thereby bypassing the liquid-gas boundary to cross the solid-liquid
border. This indeed can avoid the capillary forces associated with pore collapse in
aerogels, making the process suitable for the preparation of porous monoliths.*® Freeze-
drying of hydrogels can be done directly; organogels should be exchanged with solvents
like ethanol, methanol, water, or acetone. This technique requires high energy inputs and
long drying times, which are the major drawbacks. However, freeze-drying is a safer and
cheaper technique for gel drying when compared with the supercritical drying. Hence it is
widely used, particularly in laboratories and has the potential to be scaled up to meet the

industrial requirements.

1.6. Structure and Properties of Polymer Aerogels

Because of their unique porous structure, most aerogels possess multifunctional
properties. That means an aerogel monolith has the potential to be used for various
applications. The morphology and pore structure of aerogels greatly influence their
properties, particularly mechanical, surface and molecular sorption properties. For
example, polymer aerogels with interconnected fibrillar structures tend to have better
mechanical strength than aerogels with spherulitic/globular morphology.®3°%-%2 The pore

size, shape and volume are key parameters in determining the physical properties of
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aerogels and these could be controlled by varying the preparation conditions of the gels
and aerogels. Apart from the disordered meso (2-50 nm) and macro (>50 nm) porosities,
aerogels of polymers such as syndiotactic polystyrene (sPS) and polyphenylene oxide
(PPO) have the ability to exhibit crystalline nanoporosity, i.e., porosity within the crystal
lattice, which is of the order of less than 2 nm (microporosity).%¢°2 Thus, it is possible to
achieve aerogels with hierarchical porosity (Figure 1.6) using polymers. By tuning the
molecular structure of polymers, morphology and porous structure, and ultimately, the
physical properties of the aerogels could be tuned. The first part of the thesis explores the

structure-morphology-property relationship in semicrystalline polymer aerogels.
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Figure 1.6. Schematic illustration of hierarchical porosity in polymer aerogels.>

1.7. Polymers are Flammable

Despite all the good properties, polymer aerogels still pose a serious concern that can
restrict their utilization in households, transportation, or packaging; they are inherently
flammable due to the organics that make up the polymer structure. On exposure to fire,
polymer aerogels get ignited very easily and the flame propagates through the bulk
rapidly leading to release of huge amounts of heat and smoke.>® Compared to the bulk
polymer, aerogels are even more susceptible to fire because of the air-filled cavities

present in them. Heat, oxygen, and fuel are the three basic elements required for a fire to
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start and sustain.®® If either one of these elements is cut off, the flame can be ceased.
Polymers, on exposure to sufficient heat, decompose gradually and release volatile
products. This phenomenon is known as pyrolysis. The flammable volatiles will then mix
with the atmospheric oxygen to form a combustible source. If the temperature is high
enough for the autoignition, it catches fire. Combustion generates more heat, some of
which is radiated onto the unburned polymer, thereby leading to further decomposition
and combustion. This process of burning continues until either oxygen, heat or fuel is cut
off. When exposed to fire, thermoplastic polymers tend to drip and flow, and these
dripping particles can cause the additional process of flame propagation. However,
thermosets do not drip and flow.%"% Figure 1.7 shows the scheme of polymer

decomposition and combustion.
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Figure 1.7. Schematic diagram showing decomposition and combustion behavior of

polymer.%

The second part of the thesis focuses on improving the flame-retardancy of
commercially important thermoplastic polymers-based aerogels. Therefore, it is important
to highlight the standard procedures adopted for testing the flammability of polymer

aerogels. Several parameters are measured, such as how readily materials get ignited, how
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fast they are burning, and their behavior after burning. Limiting oxygen index, UL 94,
cone calorimetry, and microscale combustion calorimetry are the most important tests for
the determination of the flame behavior of polymers. But a single test alone cannot
provide a comprehensive estimation of the flame-retardant character of samples since
each test represents specific fire conditions that cannot be generalized for all the fire
scenarios.®* Therefore, a combination of a few of these tests is preferred for the real

analysis of the flame-retardancy of polymer aerogels.

1.7.1. Limiting Oxygen Index (LOI)

LOI is the minimum percentage of oxygen required by a particular material for its
combustion and an oxygen supply less than the LOI value cannot initiate the burning of
that material. The oxygen content in the air is close to 21 %, which means that in an open-
air situation, any material with LOI below 21 % will readily catch and sustain fire in the
presence of a flame source. In the LOI test, a vertical specimen in a gas column fed with a
mixed stream of oxygen/nitrogen will be ignited from the top and burned downwards to
record the minimum percentage of oxygen required to initiate the burning of a specimen.
The higher the number, more difficult it is for combustion to occur. However, LOI does
not provide any qualitative information about the burning behavior of polymers. A
material with LOl > 26 % can be considered as good flame-retardant material and a
material with LOI = 21-26 % burns slowly.®® Table 1.1 gives the LOI values of some of

the common polymeric materials.

1.7.2. UL9
UL 94 is a widely used flammability test for polymers originally designed by the
Underwriters Laboratories (UL) that measures the extinguishing ability of the material

after it is ignited. It involves applying flame to samples in various orientations. The
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sample will be placed over the flame vertically or horizontally (vertical burn test (UL-94
V) and horizontal burn test (UL-94 HB)). For polymer aerogels, the horizontal test is
generally used where the flame propagation or extinguishment after the removal of the
flame source is noted, and the burning rate is calculated accordingly. On the other hand,
the vertical flammability test considers several aspects, such as flame propagation time
after the removal of the flame source, the quantity of specimen burned and dripping of
flame particles. Accordingly, there are five standard ratings for the vertical burn test: V-2,

V-1, V-0, 5VB and 5VA (from lowest to highest flame-retardancy).

Table 1.1. LOI values of common polymeric materials.®368
Polymer LOI (%)
Polyoxymethylene 15.7
Polyurethane foam 16.5
Cotton 16-17
Polymethyl methacrylate 17.3
Polyethylene 17.4
Polystyrene 17.6-18.3
Polycarbonate 22.5
Nylon 6 25-26
Poly(vinyl chloride) 45-49
Polytetrafluoroethylene 95.0
Polyvinyl alcohol 19
Polylactic acid 20

1.7.3. Cone Calorimetry

A conventionally used device for examining the flammability of polymers in detail
and to predict their real-time fire behavior is the cone calorimeter. Cone calorimetry gives
an abundance of information on various flammability parameters such as heat release rate

(HRR), total heat release (THR), time to ignition, mass loss rate, total smoke release, and
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effective heat of combustion.®” The principle is based on the heat released during the
ignition of the sample, which is directly related to the oxygen consumption during
combustion. The specimen is placed under a conical heater and an input heat flux of 0—
100 kW m™ is given. The combustion products released are collected, from which the
above-mentioned parameters are measured.®® However, the specimen sizes required for
testing are larger and the equipment is quite complex and requires a high cost of

maintenance.5°

1.7.4. Microscale Combustion Calorimetry (MCC)

MCC, also called pyrolysis combustion flow calorimetry, is a fast and convenient
method for evaluating the flame-retardant properties with sample requirement in the scale
of only milligrams, which is its major advantage over cone calorimetry. Here, milligram-
sized samples are first pyrolyzed in a chamber with nitrogen or a mixed oxygen/nitrogen
environment. The gases released from the combustion are oxidized in an oxygen rich
environment under controlled conditions. The sample requirement in milligrams is really
advantageous for screening, but phenomena like dripping, swelling, or shrinking will be
missed in this process. This method cannot give the real-time fire behavior of materials as
the specimen is not actually burning, instead, only the oxidation of combustion gases
takes place.”® Heat release rate (HRR) and heat release capacity (HRC) are the major
parameters that can be obtained from MCC. Thus, a coupling of MCC results with either
UL-94 results or LOI values, or even the cone calorimetry results, is vital to derive

conclusions on the flammability of materials.

1.8. Flame Retardant Aerogels
Polymer-inorganic compositions have proven to be an effective way to improve the

fire resistance of polymer aerogels. Lately, various inorganic nanofillers like silica,
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MXenes, boron nitride nanosheets, hydroxyapatite nanocrystals, clay, MoS, etc. have
been incorporated into the polymer matrix to produce aerogels with enhanced fire
resistance performance.”** These nanofillers act as free-radical scavengers during
polymer degradation and provide mass transport barrier to oxygen and the flammable
volatiles.” Intumescent flame retardants (IFR) have also been successfully employed to
improve the flame retardancy of polymer aerogels. IFR coatings will swell and expand
when heated, resulting in a charred surface layer that plays the role of a protective layer to
the underlying material by preventing flame propagation.’®

Organic or reactive flame retardants are char-type flame retardants. They prevent the
release of fuel by combining it with char and form a protective char layer that can
thermally insulate the underlying polymer.”-"® The dehydration of the flame-retardant
results in carbonization on the polymer surface and the char layer generated in this
manner provides the flame-retardant effect to the polymer, as shown in Figure 1.8. Thus,
the carbon layer acts as a barrier, and during burning, the decomposing polymer further

enhances the char density/stability.2%-82

Large heat release

Low heat release

Protective char layer

Figure 1.8. Schematic illustration of the effect of char-type flame-retardant during the

burning of polymers.8®

1.9. Applications of Polymer Aerogels
Because of their unique and extraordinary properties, polymer aerogels can find

applications in numerous and diverse fields. The ultra-porous structure of aerogels
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contributes to intrinsic properties such as low thermal conductivity, low sound velocity,
low dielectric constant, and molecular sorption ability. However, research on polymer
aerogels has not flourished extensively to the industrial scale yet, but is showing hopeful
signs in recent times. The barriers to the commercialization of these wonderful materials
include the time-consuming and expensive multistep production processes. Achieving
structural stability in various operating environments is another challenge. In spite of all
these difficulties, polymer aerogels can be tailored to suit a broad range of applications,
some of which include thermal insulation, acoustic insulation, biomedical applications,
packaging, environmental remediation, electronic applications, etc.?%?2478487 and we can

expect some of these aerogels in the market in the near future.

1.9.1. Thermal Insulation

Thermal insulation is an important aspect when it comes to energy efficient
buildings and structures and superior thermal insulation materials can effectively reduce
the energy consumed for heating or cooling the buildings. The commercially available
thermal insulators include silica aerogels, polyurethane (PU) foams, expanded
polystyrene, mineral wool, and fiberglass. Silica aerogels are reported to have the lowest
thermal conductivity (A) (15 mWm™K™).88 Whereas, PU foam has A ~ 21-24 mWmK
and the A of mineral/glass wool and expanded polystyrene lies in the range of 32-37
mWm1K28 Because of their highly mesoporous structure, aerogels possess lower
thermal conductivity than the PU foams or expanded polystyrene, which are
predominantly macroporous in nature. In porous materials, thermal conductivity is a sum
of solid conductivity, gaseous conductivity and radiative conductivity (Figure 1.9). As the
pore (mesopore) sizes in aerogels are lesser than the mean free path of gas molecules, the

Knudsen effect will be induced, which can result in lower gaseous thermal conductivity.®
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Therefore, aerogels are ideal candidates for thermal insulation applications as they can be

effectively processed into panels or sheets.
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Figure 1.9. Schematic illustration of thermal transport pathways in aerogels.?®

1.9.2. Acoustic Insulation

Soundproofing is equally important in buildings as thermal insulation, particularly in
theatres and halls. The acoustic insulation ability of a particular material is measured in
terms of its sound absorption coefficient, which is the ratio of absorbed sound intensity to
the incident sound intensity and is a value between 0 and 1.°* The higher the value of
absorption coefficient, the greater the absorption ability. A good soundproof material
should have minimum thickness and the maximum ability to absorb and attenuate sound
energy of different frequencies. Conventionally, cellular concrete, asbestos, rock wool,
glass wool, glass silk, mineral wool boards, cane fibre, porous tiles, gypsum plaster, etc.,
have been employed for sound insulation in buildings and structures. Aerogels are better
acoustic insulators due to their large open-porosity and small pore sizes, which can result
in multiple scattering of the incident and reflected sound waves. Also, the interconnected
network structure of aerogels can cause air-viscous resistance damping, leading to the
attenuation of sound energy (Figure 1.10).9°* Using aerogels, lightweight structures with

excellent sound proofing can be achieved, but not at the cost of architectural aesthetics.




Introduction 19

(a)

Thermal effect

Sound energy

of absorption ~
- wav A
A Viscous

s effect %
+/ Material dampi%

Sound energy
Of transmission

‘Il ‘4
Sound energy
of reflection

Figure 1.10. Schematic illustration of (a) sound absorption process and (b) sound energy

consumption mechanisms in aerogels.*®

1.9.3. Biomedical Applications

The biomedical uses of aerogels include tissue engineering scaffolds,
sensing/imaging, drug delivery systems, biomedical implantable devices, etc. Biopolymer
based aerogels are cytocompatible, biocompatible, and biodegradable and can be used in
vivo. Biomedical scaffolds for tissue regeneration, particularly bone tissue regeneration,
often use aerogel composites of polylactide and hydroxyapatite.®®¢°” Aerogels prepared by
freeze drying provide highly porous, elastic and interconnected network structures which
are suitable for the smooth diffusion of cells and other molecules.®® Electrically
conducting polymers on conjugation with biopolymers have been reported for bio-sensing
applications.®®!% Drug delivery is another potential application; the high surface area and

mesoporous structure of aerogels cater this potential. 10192

1.9.4. Packaging

Packaging materials have a huge market, which is currently dominated by
polystyrene foams. Brittle products such as glassware, electronic goods, laboratory
equipments, etc., mostly come wrapped in styrofoam. Consumers are looking for
sustainable packaging alternatives which can provide mechanical protection and extend

the shelf-life of packed products. Sustainable polymer aerogels can be the ideal
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replacement of styrene foams in packaging industry. Because of their porous structure,
lightweightedness and high surface area, aerogels provide interesting opportunities as
food packages. They can simultaneously act as thermal insulators and provide protection
against gases, vapors, and moisture. Bio-based hydrophobic polymers are best suited for
this purpose. Aerogels can also incorporate active components which are capable of
enhancing the shelf-life of the contained food by preventing microbial growth. The easy
processability of aerogels into different shapes is another advantage and is crucial in

packaging design.103-1%

1.9.5. Environmental Remediation

Polymer-based aerogels are promising candidates for the removal of pollutants or
contaminants from the environment. Aerogels possess huge potential in oil-water
separation, CO> capture, air filtration, heavy metal removal from water, dye sorption, and
so on, which can ultimately result in air and water purification.’%2% The high surface
area and the different levels of porosity of aerogels are particularly useful in the
purification process. Biopolymers, in particular, are the favorite aerogel materials for
environmental remediation because of their tuneable surface functionality. There are
plenty of reports on the selective adsorption of organic solvents (potential pollutants)
from water using polymer aerogels. Many of the synthetic polymers are hydrophobic in
nature; the surface roughness induced by the aerogel structure can further enhance the
hydrophobicity of such materials. These aerogels can selectively adsorb the oil/organic
pollutants from water with very high efficiency. Biopolymer aerogels are mostly
hydrophilic in nature but can be made hydrophobic using hydrophobization agents like
alkyl siloxanes, alkyl aldehydes, trityl groups, etc.!®® The advantage of biopolymer
aerogels is their flexibility; the oil/organic solvents can therefore be squeezed out several

times from the aerogels without compromising their efficiency.
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1.9.6. Electronic Applications

Aerogels have numerous applications in the field of electronics. Their nanostructure
and extremely high porosity render aerogels unusual electronic and dielectric properties.
The lowest ever dielectric constant reported for a solid material (close to 1.0) belongs to
an aerogel.!® In addition, aerogels possess extraordinarily large dielectric strength and
dielectric resistivities, i.e., they exhibit exceptional insulating ability at very high
voltages. Dielectric loss is also the bare minimum at the microwave frequency region.
Some of the polymer and hybrid aerogels can be electrically conductive; some others can
be photoconductive. These properties of aerogels are well exploited to furnish future
energy storage materials, low dielectrics, ultra-fast electronic materials, etc.1*%'! In this
era of wearable electronics, there is a huge market demand for flexible energy storage
devices. Compressible and elastic aerogels with outstanding conductivity have been
explored for batteries and as electrode materials for supercapacitors.

The rapid advancement in electronic communication and the widespread use of
electronic devices has resulted in an undesirable phenomenon known as electromagnetic
interference (EMI). In order to tackle this problem, a new class of materials called EMI
shields has been developed, which can protect humans as well as devices from EM
radiation pollution. Porous materials with well-interconnected network structures are
preferred as EMI shields as the major mechanism of EMI-shielding involves the multiple
reflections of the incoming electromagnetic waves.**?!3 Polymer aerogels can offer
mechanical  robustness and  lightweightedness  simultaneously, and the
compressibility/flexibility associated with them can cater tuneable EMI shielding
performance. Other applications of aerogels are as sensors, piezoelectric nanogenerators,

triboelectric nanogenerators, etc.
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1.10. Scope of the Present Thesis

The preceding sections highlighted the importance of polymer-based aerogels in
the upcoming days as alternatives to conventional porous materials in the construction
field, packaging industry, electronics, and environmental remediation. Unlike silica or
other inorganic aerogels, polymer aerogels generally possess excellent mechanical
strength and the possibility for easy tuning of a wide range of properties. In this context,
the present thesis provides an excellent opportunity to understand the structure-property
relationship in some of the commercially important polymer aerogels. The effect of
crystal structure on the morphology development in semicrystalline polymer aerogels has
not been well-studied. The first half of the thesis tries to understand the role of chain
packing and structural evolution on the morphology and physical properties of highly
porous polymer aerogels. The second half proposes innovative and sustainable
approaches to make flame retardant biodegradable aerogels. The credentials mentioned

above are critical for the lab scale to industry level transition of polymer aerogels.
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2.1. Abstract

Hierarchically porous crystalline-nanoporous aerogels of syndiotactic polystyrene
(sPS) received much attention because of their unique nanoporous structures along with
meso and macro porosity. Depending on the difference in the packing of polymer chains
within the crystal lattice, sSPS has two nanoporous crystalline forms, namely 6 and & forms
(e and &e). In this study, we have prepared high purity nanoporous ¢ and ¢ forms of sPS
aerogels from their respective gels using a solvent exchange strategy with green solvents
followed by an environment-friendly freeze-drying technique. Using these highly porous
aerogels, the phase transition behavior of sPS at higher temperatures was investigated.
The J. form showed a complex phase transition behavior on heating and at a higher
temperature, the y form (obtained through an intermediate helical phase) transformed to
the mixture of a and £ forms. On the other hand, the ¢ form transformed directly to the y
form and on further heating, the y form transformed exclusively to the o form. The
dielectric, thermal and acoustic properties of crystalline-nanoporous aerogels were
promising with ultralow dielectric constant (1.02 = 0.02), thermal conductivity (1) as low
as 0.04 WmK? and high sound absorption coefficient (close to 1). Moreover, these
aerogels exhibited excellent oleophilicity which was demonstrated in oil/organic solvent
separation experiments. These multifunctional aerogels of sPS can therefore find
multitude of applications, especially in thermal and acoustic insulation and molecular

sorption of oil/organic solvents.




Crystalline Nanoporous Aerogels 31

2.2. Introduction

As elaborated in the previous chapter, aerogel monoliths based on polymers are
trending nowadays in diverse fields of application such as thermal insulation, packaging,
acoustic insulation, oil spill cleanup, sorbents of volatile organic compounds, antennas
and electronics, etc. mainly because of their ability to surpass the drawbacks of traditional
inorganic aerogels which are highly fragile and brittle.*! Semi-crystalline polymers like
syndiotactic polystyrene (sPS),*2® poly(2,6-dimethyl-1,4-phenylene) oxide (PPO),® 20
isotactic polypropylene,?: 22 poly(vinylidene fluoride),? ?* polyethylene,?® poly(ether
ether ketone),?® 27 etc. are capable of forming thermoreversible gels in various solvents
where the junction zones of the gel network are made up of polymer crystalline phases,
which provide the required robustness to the system. Among them, sPS and PPO received
remarkable attention due to their ability to form physical aerogels with crystalline
nanoporosity.'? 28-37

Guerra and co-workers reported a physically bonded aerogel of sPS using ¢ form gel
by supercritical carbon dioxide (COz) extraction and it is the first example of nanoporous-
crystalline aerogel of sPS.* Similar to ¢ aerogel, ¢ form sPS aerogels also possess
crystalline nanocavities (empty spaces/nanopores within the crystal lattice) and both these
phases exhibit helical trans-trans-gauche-gauche (T2G2) polymer chain conformation with
the nanocavities being isolated in the monoclinic 6 form and channel-shaped in the
orthorhombic ¢ form, parallel to the chain axes.'? 3% 3! Such crystalline cavities have a
diameter of less than 2 nm, which together with the typical disordered amorphous
mesopores (2-50 nm) and macropores (greater than 50 nm) of the aerogels render
hierarchical porosity to the 6 and ¢ sPS aerogels.?® The polymorphism of sPS is even
more complex with additional crystalline phases « and £ having planar zigzag all-trans

(T4) chain conformation and y with closely packed helical TG chains.*® %42 Most of the
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reported literature on sPS aerogels focuses attention on the ¢ form aerogel, probably due
to the complex procedures involved in the making of ¢ aerogel. Daniel and co-workers
formulated a strategy to produce the ¢ aerogel in its finest crystalline purity.® & aerogels
prepared from the y form aerogels by chloroform sorption/desorption, the previously
known method, presented traces of y and/or ¢ form.3% 33 37 Pyre ¢ phase obtained in
aerogels could be effectively utilized to unravel the intricate polymorphism of sPS by the
systematic investigation of the structural transitions.

Rizzo et al. investigated the thermal transition behavior of ¢ crystalline phase of sPS
using thin films and compared it with ¢ form.*® Unlike the ¢ form, the nanoporous & form
transformed directly to the y form on heating above 100 °C without passing through the
intermediate phase (disordered helical phase). Though high temperature transitions were
reported in the case of nanoporous ¢ form, no reports are available on the crystalline
transitions at a higher temperature using the ¢ form. For example, Gowd et al. reported
that the y form transformed to a mixture of a and £ forms for the thick ¢ form film or
uniaxially-oriented sample (co-crystal), while a completely dried thin film (or powder)
transformed exclusively to the kinetically stable a phase.** 4> 44-4° They have reported that
the residual solvents in the amorphous phase of ¢ or y form triggered the £ crystal
formation.*® On the other hand, when the uniaxially oriented nanoporous ¢ form was
used, the y form transformed to a mixture of o and g forms at higher temperatures even
though no solvent residues were there in the amorphous phase of the y form.*" 42 The
origin of the formation of the g form at higher temperatures is unclear when the
nanoporous ¢ form was used as a starting material. As aerogels are fully dried and no
residual solvents are present, these are the right candidates to understand the phase
transition behavior. In this paper, a detailed investigation was carried out on the phase

transition behavior of both nanoporous ¢ and ¢ phases using aerogels.
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sPS aerogels are deployed in molecular sorption, namely, volatile organic compounds
absorption, adsorption of H, and trapping of airborne nanoparticles, mainly due to the
nanosized pores possessed by them.?® 3 0 Nanoporous-crystalline polymer aerogels,
however, have never been exploited for their low dielectric constant and thermal and
acoustic insulation. The first attempt in that direction was brought off by Joseph et al.
who demonstrated the ultra-low dielectric constant of sPS ¢ type aerogels (1.03 + 0.02),
which is the lowest value ever reported for any polymer aerogel.?® Rossinsky et al.
investigated the thermal conductivity of crystalline ¢ phase of sPS in the bulk, the average
value was found out to be 0.2-0.3 Wm™K.>® Thermal conductivity increased with the
increase in material density, which is the general trend. However, there are no reports on
the thermal insulation behavior of sPS aerogels, to the best of our knowledge. The
micro/meso pores in aerogels can induce a Knudsen effect which lowers the gaseous
conductivity as compared to commercial thermal insulators such as expanded
polystyrene, which are macroporous in nature. Also, the conduction through the
condensed phase (solid conduction) will be lower in micro/mesoporous aerogels than in
dense (nonporous) matrix material as the three-dimensional network structure in aerogels
is composed of weakly connected nanofibers.%>° These features of sPS aerogels,
therefore, could not only reduce the heat conduction through them but also influence their
sound absorption characteristics. He et al. have shown that high porosity and small pore
size of cellulose-based aerogels resulted in their excellent sound insulation performance.®
The hydrophobic nature of sPS presents an added advantage to its aerogels in terms of
water repellence and this could be extended to the selective absorption of oil/organic
solvents (oleophilicity) from water mixture. Amidst other excellent thermally insulating

materials or acoustic insulators, sPS aerogels thus stand out as they could combine a
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whole lot of properties within a single system, which is explored in the second part of this
chapter.

Herein, we proposed a sustainable method for the preparation of nanoporous ¢ and ¢
forms of sPS aerogels using freeze-drying as the solvent extraction technique. The
organic solvents used for the preparation of gels were recovered completely after the
solvent exchange process with green solvents (water and ethanol). Processes like the
aging of gel, solvent exchange, freezing, etc. were carefully controlled to obtain samples
with different porosities; the highest attained porosity is 97 %. By the controlled heating
of aerogels, the phase transition behavior of nanoporous sPS 6 and & forms was
investigated using wide-angle X-ray diffraction (WAXD) and differential scanning
calorimetry (DSC). The nanoporous-crystalline aerogels of sPS proved to be multifaceted
materials with spectacularly low values for dielectric constant (1.02 + 0.02) and thermal
conductivity (~ 0.04 WmK™), excellent acoustic insulation performance with sound
absorption coefficients as high as 0.97 in the mid-frequency range and superior
oil/organic solvent absorption ability. These multifunctional properties of sPS aerogels
permit them to be potential alternatives to conventional materials in the fields of

microelectronics, thermal management, acoustic insulation and oil/solvent spill cleanup.

2.3. Experimental Section
2.3.1. Materials

SPS (Mw: 272 000 and D: 2.28) used in this study was supplied kindly by Idemitsu
Petrochemical Co., Ltd (Japan). The solvent used for ¢ gel preparation was a mixture of
isomers of xylene, purchased from Merck, India. Chloroform provided by Sigma-Aldrich
Co. and acrylonitrile purchased from TCI Co., Ltd. were used for the preparation of ¢ gel.
Polymer and all the above solvents were used as received. The solvent exchange was

done using ethanol received from S.D. Fine chemicals and distilled water.
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2.3.2. Preparation of the 6 Form Aerogel of sPS

d form sPS aerogel was prepared according to our previous report.?® Briefly, sPS
pellets were dissolved in xylene by heating above 140 °C (boiling point of xylene). After
complete dissolution of the polymer, the solution with a polymer concentration of 3 wt%
was transferred to plastic moulds and cooled down to room temperature at a rate of 1.5
°C/min, where gelation occurred. As obtained gels were aged at room temperature for 3 h
and the solvent was exchanged systematically by immersing the gel in ethanol first,
followed by solvent mixtures of different volume ratios of ethanol and water and finally
in water alone. A detailed description of the solvent exchange process is given the later
section. The as obtained hydrogels were transferred to an ultra-low temperature (ULT)
freezer preset at —60 °C, frozen for 12 h and then lyophilized. Rotary evaporation of the
solvent mixtures obtained after the solvent exchange process was carried out in order to

separate and recover xylene.

2.3.3. Preparation of the & form Aerogel of sPS

The freeze-drying technique was used to prepare ¢ form sPS aerogel with the aid of
a systematic solvent exchange procedure. To prepare ¢ gel of sPS, a combination of
chloroform (solvent) and acrylonitrile (non-solvent) was used. sPS pellets were first
dissolved completely in chloroform in a tightly sealed set up by heating above the boiling
point of chloroform (60 °C). Then, a slightly hot mixture of chloroform and acrylonitrile
(volume ratio 1:2) was slowly added to the polymer solution with stirring. The final
solution was immediately transferred to plastic moulds and cooled to room temperature at
a rate of 1.5 °C/min. The ¢ gel thus obtained was aged for 2 h at room temperature and
subjected to solvent exchange as earlier. This is followed by freezing of hydrogel for 12 h
in a ULT freezer preset at —60 °C and freeze-drying to obtain & form sPS aerogel with

100% crystalline purity. In the final solution, the polymer concentration was 3 wt% and
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the volume ratio of chloroform to acrylonitrile was 1:1. Similar to the above case, a
rotary evaporator was used for the recovery of solvents (chloroform and acrylonitrile).
We prepared both Je and . aerogel samples with different shapes and dimensions for

various characterizations, the largest being 5 cm x 5 cm x 2 cm in dimension.

2.3.4. Solvent Exchange Process

A systematic procedure was adopted in order to exchange the gel solvents of both Je
and ee aerogels. In the first step, the organogels were fully immersed in ethanol overnight.
Then, the solvents were removed by decantation. In the second step, the gels were
immersed in a mixture of ethanol/distilled water (v/v 75/25) and the solvents were
removed after 3 hours. Immediately, the gels were introduced into another mixture of
ethanol/distilled water, with a composition of 50/50 by volume. After 3 hours, again the
solvents were replaced with a fresh mixture of ethanol and distilled water. This time
around, the amount of water is more in the mixture (v/v 25/75). In the final step, the gels
were immersed exclusively in water and the immersion time is not more than 1 hour as a
longer time in water can lead to the shrinkage of gels. Therefore, during the final step,
continuous monitoring of the gels should be done. The entire solvent exchange process
requires almost 24 hours for completion. Once the process is completed, the gels were

transferred immediately to a ULT freezer preset at -60 °C.

2.3.5. Characterization
The total porosity of different sPS aerogel samples was determined from the density

values using the following equation:

P =100 [1 - p—”] (1)

Ppol
where p,, is the mass/volume ratio (apparent density) of the prepared aerogel; volume is

determined theoretically from the dimensions of the samples and p,,, is the density of the
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bulk polymer. A universal testing machine (Hounsfield, H5KS UTM, Redhill, UK) with a
crosshead speed of 1.3 mm min™ was used for the compressive strength analysis of the
aerogels and cylindrical samples with diameter to height ratio of approximately 1.5 : 1
were used for the measurements. Scanning electron microscopy was employed to
examine the morphologies of various samples and the measurements were performed
using a Zeiss EVO 18 cryo-SEM operating at an accelerating voltage of 15 kV. The water
contact angle of the samples was measured at room temperature using an automated
DSA30 Drop Shape Analyzer, KRUSS, Germany. The measurements were carried out at
different regions on the same aerogel as well as on the same region of the aerogel over a
period of 15 minutes. From nitrogen adsorption-desorption isotherm (Gemini 2375,
Micromeritics, Norcross, USA), the Brunauer—-Emmett—Teller (BET) surface area of the
porous aerogels was measured. The samples were degassed at room temperature for 24 h
before the measurement. The pore size distributions were also obtained from the
isotherms using the Barrett—Joyner—Halenda (BJH) method. Phase formations in aerogels
were confirmed using wide-angle X-ray diffraction (WAXD) measurements on a XEUSS
SAXS/WAXS system from Xenocs operated at 50 kV and 0.60 mA in the transmission
mode using Cu Ka radiation of wavelength 1.54 A. The two-dimensional patterns were
recorded on a Mar 345 image plate system (detector) and the Fit2D software was used for
data processing. Variable temperature WAXD measurements were carried out with the
aid of Linkam THMS 600 hot stage connected to the LNP 95 cooling system to
understand the phase transformation behavior of various aerogel samples. The samples
were heated from room temperature at a rate of 10 °C/min to 230 °C and the X-ray
patterns were acquired at 10 °C intervals, after a dwell time of 1 minute at each
temperature. Phase transitions were confirmed using an advanced research-grade

modulated differential scanning calorimeter (DSC) TA Q2000 under a nitrogen
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atmosphere by heating the samples from room temperature up to 300 °C at a rate of 10
°C/min. To confirm the complete drying of aerogels, thermogravimetric analysis (TGA)
was carried out under continuous nitrogen flow using TA Q50, a fourth-generation
thermogravimetric analyzer. The samples were heated from room temperature to 800 °C
at a rate of 10 °C/min. The dielectric constants were measured using a vector network
analyzer (Model No. E5071C, ENA series, 300 kHz-20 GHz; Agilent Technologies,
Santa Clara, USA) by a waveguide technique in the X band (8.2-12.4 GHz) of the
microwave frequency. The samples were annealed at various temperatures in the air
atmosphere by keeping in a hot air oven preset at the required temperature (90, 140 or
220 °C) for 1 h and the corresponding phase formations were confirmed using WAXD
before the dielectric measurements. For the X band, samples used were of the dimension
22.86 x 10.8 mm. The thermal conductivity (A) of aerogels was measured with TCi
thermal conductivity analyzer (C-Thermo Technologies Ltd., Canada) using the transient
plane method. The samples with thickness not less than 10 mm were used and five
measurements were done for each sample, the average value of which is taken as the final
thermal conductivity. The normal incident sound absorption coefficient of all the samples
was obtained using a Briiel & Kjar impedance tube, type 4206 (Denmark). Cylindrical
samples with a diameter of 29 mm and thickness of 12 mm were used for measurements

in the frequency band from 300 to 6400 Hz via the two-microphone method.

2.4. Results and Discussion
2.4.1. Hierarchical Porous Aerogels of sPS (de and &)

The ability of sPS to form co-crystalline phases has been exploited to prepare two
forms of crystalline nanoporous aerogels by the supercritical carbon dioxide drying
method.*? 28303133 |n our previous work, the Je aerogel was prepared from ¢ gel using

xylene as the solvent by the freeze-drying method.?® In the present work, . aerogel was
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prepared by the freeze-drying method as described in the Experimental Section. Unlike in
the case of ¢ gel, acrylonitrile was used as a non-solvent for the preparation of ¢ gel along
with chloroform as solvent. On cooling the polymer solutions to room temperature,
thermoreversible gelation takes place, which was very quick in the case of ¢ gel as the
phase separation here is induced not just by temperature, but also by a non-solvent. A
systematic solvent exchange strategy was adopted to transform the ¢ and & organogels to
hydrogels. This step is crucial as it allows to circumvent the structural deformations
occurring during the freeze-drying of gels and makes the entire processing route eco-
friendly by allowing the recovery of organic solvents and making them available for
reuse. As optimized from our previous work,?® the polymer concentration in solution was
kept at 3 wt% and the duration of steps like gel aging, solvent exchange, freezing, drying,
etc. was controlled to derive aerogels of varying porosity (84 to 97 %). We could achieve
hierarchical porous sPS aerogels with porosity as high as 97 % and there was only
negligible shrinkage to the gel structure upon drying, as shown in Figure 2.1a. Solvent
exchange with ethanol followed by water was crucial in achieving the higher porosity and
retaining the shape and size of the aerogels as same as that of the gels before freeze-
drying. Figure 2.1b depicts the ultralow density of the ¢ aerogel with 97 % porosity and it
can bear a load of almost 1000 times its weight without structural disintegration (Figure
2.1c). The Je aerogel with similar porosity has sufficient strength to bear the load of 1500
times to its original weight as reported in our previous work.?® The X-ray diffraction
profiles in Figure 2.1d confirm the successful formation of crystalline nanoporous sPS
aerogels. The reflections at 26 = 8.4°, 10.1°, 14.1°,16.9°, 18.7°, and 20.7° and 26 = 6.9°,
8.1°, 13.9°, 16.4°, and 20.6° correspond to de and e forms of sPS, respectively.3 % As
evident from the X-ray diffraction profiles, high purity crystalline Je and . aerogels

(without the traces of other crystalline forms) were achieved in this study by the freeze-
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drying method. The diffuse scattering observed at low 26 (< 4°) in Figure 2.1d indicates
the presence of microporosity (< 2 nm) in both de and e forms of sPS. Gowd et al.
reported such diffuse scattering in the X-ray pattern of the J. form due to the presence of
crystalline porosity and it decreased significantly upon heating when the structure
transformed to the  form.*? It is also worth mentioning here that such diffuse scattering
was not observed in the X-ray diffraction patterns of the gel state of 6 and ¢ forms of sPS.
The mechanical properties of de and ee aerogels with porosity ~ 97% were investigated by
compression experiments and the corresponding stress-strain diagrams are provided in
Figure 2.1e. Both aerogels exhibited an irreversible buckling behavior and were
converted to dense solids at higher loads. Even at 75% strain, no fracturing of the
aerogels was observed. However, the compressive modulus calculated from the slope of
the linear elastic region of the stress-strain curve for . aerogel was lower (~ 0.08 MPa)
than that of the . aerogel (~ 0.38 MPa). The difference in the compressive modulus is
mainly due to the difference in the microstructure and morphology of these aerogels,

which will be discussed in the later section.
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Figure 2.1. Photographs of (a) ¢ gel and corresponding aerogel obtained by freeze-
drying process, (b) nanoporous € aerogel resting on the stamen of a flower, (c) € aerogel
holding 1000 times its original weight, (d) WAXD patterns and (e) the stress-strain plots

of de and ¢ aerogels measured at room temperature.
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SEM images in Figure 2.2 compare the surface morphology of de and ee aerogels.
The macroporous structure of both these aerogels exhibits flake-like morphologies, but
the flake sizes are quite small in the e aerogel. The magnified SEM images (Figures 2.2b
and 2.2d) show the mesoporous structure where a significant difference in morphology is
observed between the de and . forms of sPS aerogels. The microstructure of & aerogel
reveals a mixed morphology of fibers and lamellar structures unlike the J. aerogel with
interconnected fibrillar network morphology. The lamellar structures are having sizes
approximately in the range of 0.5 — 1 um whereas the fiber diameters will be a few tens of
nanometres. The morphology of the freeze-dried ¢ aerogel is comparable with the
morphology of the reported ¢ aerogel prepared from the supercritical drying process
albeit the slight changes in the dimensions of the lamellar structures.®® The difference in
morphology between the de and ee aerogels can be attributed to the difference in polymer-
solvent interactions, the presence of non-solvent in the case of ¢ gel, the rate of solvent
crystal sublimation during freeze-drying, etc. The BET surface areas obtained from
nitrogen adsorption-desorption isotherms for e and & aerogels are 301 m? gt and 227 m?
g, respectively. The micrometer-sized lamellar structures in e aerogel lower its overall
surface area when compared with the all fibrous network structure of the Je aerogel. Both
the samples exhibit typical type IV adsorption isotherms confirming the mesoporous
nature of the sPS aerogels (Figure 2.2e). The distribution of pore diameters is broad
covering all the mesopores and some of the macropores as shown in the pore size
distribution curves in Figure 2.2f. In the 20-50 nm range, e aerogel has the highest pore
volume indicating the presence of the higher fraction of mesopores. Also, the peak of the
distribution curve comes in the mesoporous range for e. aerogel whereas it is beyond 50

nm in the case of Je aerogel. X-ray diffraction, SEM and BET surface area measurements
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revealed the presence of macro, meso and microporous structures in both Je and ee

aerogels.
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Figure 2.2. SEM images of (a & b) de and (¢ & d) e aerogels at different magnifications.

(e) N2 adsorption-desorption isotherms and (f) pore size distribution of de and ¢e aerogels.

2.4.2. Crystalline Transitions of d. and & Aerogels of sPS upon Heating
Thermal-induced crystalline transitions of the J. form are investigated extensively
in the literature using unoriented film, powder and uniaxially oriented samples.*% 42 45 46
4957 0On the other hand, only one study appeared on thermal-induced crystalline
transitions of the e. form using thermally annealed unoriented films.*® Further, this study
did not focus on the high-temperature transitions of the ¢ form. In that study, the e form

was prepared using the previously known procedure, i.e., chloroform sorption and
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desorption in the y form films and this procedure always leads to the formation of the e
form with the traces of e and/or y form. In the present investigation, we have
systematically compared the thermal-induced crystalline transitions of de and e aerogels
(high purity crystalline forms) using temperature-dependent measurements of WAXD and
DSC. Figure 2.3 shows the temperature-dependent WAXD patterns of de and ee aerogels
in the temperature range of 30 — 230 °C and the patterns were recorded at 10 °C intervals.
The temperature-dependent WAXD patterns of Je aerogel are shown in Figure 2.3a and
changes in the integrated intensities of representative crystalline reflection of each
crystalline form at 29 = 8.4° (de), 9.8° (intermediate phase), 9.3° (3), 6.2° (5) and 6.7° («)
were evaluated by deconvolution and plotted against the temperature as shown in Figure
2.3b. The crystalline reflections corresponding to the de form disappeared completely in
the temperature range of 70-90 °C. In consistent with the literature,*" 4% 4> 57 the . form
aerogel transiently transformed into the “intermediate helical phase” in the temperature
range of 80-110 °C. On further heating, the intermediate phase transformed to the y form.
It was speculated that the crystalline cavities present in the de form were responsible for
this unusual formation of the intermediate form as it was not observed in the J co-
crystalline form.*! It is worth mentioning here that the strong diffuse scattering observed
at low 26 (< 4°) disappeared completely once the structure transformed from the Je form
to y form (indicated with an arrow mark in Figure 2.3a). This observation further confirms
the disappearance of the crystalline porosity (microporosity) during the crystalline
transition from Je to y form. On further heating, the y form transformed to the mixture of «
and g forms above 180 °C. In literature, it was shown that the y form transformed
exclusively into the kinetically favorable a form in the case of the powder samples.*°
Gowd et al. reported the g crystal formation along with a crystals for the thick J-form

film (co-crystals) and proposed that the residual solvent molecules residing in the
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amorphous regions of the ¢ or y form films triggered the formation of the g form.*
However, when the same group used the uniaxially oriented J. samples with no residual
solvents, again minor fraction of the g form was observed along with the « form at a
higher temperature (> 180 °C).** In the present study, as evident from the TGA
thermogram (Figure 2.3c), the presence of residual solvent is almost nil both in the J. and
e aerogels of sPS. As discussed above, in the case of de aerogels, at a higher temperature,
fractions of thermodynamically stable £ form is observed along with the o form. The
reason for the appearance of the £ form will be discussed in the forthcoming section.

The temperature-dependent WAXD patterns of the ¢. aerogel and the temperature
dependence of the integrated intensities of the reflections at 20 = 6.9° (&), 9.3° (3), and
6.7° () evaluated from the WAXD patterns are shown in Figure 2.3d and 2.3e. Unlike
the 0. form, the transition from & aerogel did not show the intermediate helical phase on
heating. A direct transition from the & to y form is observed and these two crystalline
forms coexist in the temperature range of 100 — 120 °C, which is consistent with the
results obtained by Rizzo et al. for nanoporous e-form films.*® It is worth adding here that
though the channel-shaped cavities are present in the ¢ form, the transition from ee to y
form occurred smoothly without the formation of intermediate helical phase as observed
in the case of the de form. Similar to the de form, in this case also the strong diffuse
scattering at lower 26 disappeared completely when the e form is fully transformed to the
y form (Figure 2.3d) indicating the disappearance of channel-shaped cavities during the
transition. At the higher temperatures, the y form transformed exclusively into the o form
(180 — 200 °C). No trace of the g form is observed as in the case of the Je aerogel. These
results suggest that crystalline transitions occurred differently on heating the nanoporous
crystalline forms (de and &) of sPS. Based on the present study, we may say that the

thermodynamically stable g form resulted at the higher temperatures in the J. aerogel
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could be from the energy changes associated with the formation of the intermediate
helical phase. The isolated cavities present in the crystal structure of the de form plays a
major role in the formation of the intermediate helical phase during the transition from Je

to y form and also the thermodynamically stable S form at the higher temperature.
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Figure 2.3. (a) Temperature-dependent WAXD patterns of Je aerogel and (b)
corresponding changes in the integrated intensities of representative crystalline
reflections of each crystalline form at 26 = 8.4° (d¢), 9.8° (intermediate helical phase),
9.3° (), 6.2° (B) and 6.7° («) during heating, (c) TGA thermograms of de and e aerogels,
(d and e) temperature-dependent WAXD patterns of e aerogel and corresponding

changes in the integrated intensities of representative crystalline reflections of each
crystalline form at 260 = 6.9° (&), 9.3° (), and 6.7° («) during heating and (f) DSC

thermograms of e and e aerogels in the heating process.
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Figure 2.3f shows the DSC thermograms of Je and ¢. aerogels in the heating
process at 10 °C/min. Based on the temperature-dependent WAXD results, the endotherm
followed by the exotherm in the temperature range of 80 - 120 °C can be assigned to the
oe to intermediate helical phase to y form transition in the case of heating of the Je aerogel
and ee to y form transition in the case of heating of the & aerogel. At a higher temperature,
both Je and ee aerogels show an endothermic peak in the temperature range of 170 — 200
°C corresponding to the y to a(f) or y to a form transitions. The endothermic peak

observed at around 270 °C is due to the melting of the a(f) or a form of sPS.

2.4.3. Dielectric Properties of de and g Aerogels of sPS

Dielectric properties of the prepared aerogels were investigated using a
microwave transmission waveguide technique. The reliability of this method was proven
in our previous work by fitting the measured dielectric constants of sPS aerogels to some
of the theoretical models.?® Because of their microstructure and high porosity, aerogels
are inherently low dielectric constant materials. In 1993, Hrubesh et al. reported a
dielectric constant less than 1.03 for silica aerogels with 99% porosity which turned out to
be the lowest value ever reported for bulk solid material.®® We measured the dielectric
constants of Je and ee aerogels in the microwave frequency range 8-12 GHz (X-band) of
the electromagnetic spectra and obtained consistent values in the entire frequency range.
Figure 2.4a shows the measured dielectric constants of crystalline nanoporous sPS
aerogels with ~97 % porosity. Je aerogel has a dielectric constant of 1.02 £+ 0.02 whereas
the ¢ counterpart shows a value of 1.03 + 0.02. Further, we have prepared a series of
samples of both types with varying porosity and measured their dielectric constants. The
dielectric constant increased roughly from 1.02 to 1.2 for Je aerogel as the porosity

decreased from 97 % to 84 % (Figure 2.4b) while the & aerogel also exhibited a similar
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trend (Figure 2.4c). This means that by tuning the bulk density/porosity of the aerogels,
the dielectric constant values were easily tuned. It has been shown that the dielectric
constant varies linearly with aerogel density using silica, polyimide, and polyamide
aerogels.> %8 %° Density of aerogels is inversely proportional to their porosity and
therefore, as a general rule, we could say that dielectric constant vs porosity showcases a
linear relationship. This was proved using Je and . aerogels as shown in the insets of
Figures 2.4b and 2.4c, respectively. An inverse linear variation of dielectric constant
against porosity at all X-band frequencies is observed for both Je and ¢. aerogels, i.e., the
lower the porosity, the higher the dielectric constant. Thus, by tailoring the morphology

and porosity of sPS aerogels, their applicability in the field of microelectronics can be

widened.
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Figure 2.4. Dielectric constants of various samples in the X-band of the microwave
frequency region. (a) Comparison of the dielectric constants of de and e aerogels having

porosity = 97%, (b & c) dielectric constants of various de and e aerogels having different
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porosities and the variation of dielectric constant as a function of porosity is shown in the
insets of (b) and (c) at different frequencies, and (d & e) the effect of annealing

temperature on the dielectric constants of de and ce aerogels.

As discussed in the preceding section, both Jde and ee aerogels undergo crystalline
transitions upon heating. Various aerogels with different crystalline forms were obtained
by annealing the de and ee aerogels for 1 h at three different temperatures, namely, 90, 140
and 220 °C. Annealing at these temperatures resulted in the aerogels with intermediate
helical phase (in the case of de aerogel), y and a(f)/a crystalline phases. Above 100 °C,
the micropores within the crystal lattice are erased and the structure is reorganized to the y
form. In this study, the dielectric constants of various crystalline forms are compared. As
the dielectric constant of sPS aerogel depends heavily on its overall porosity,
measurement of the dielectric constant of aerogels with crystalline nanoporosity will
reveal the influence of microporosity. It has to be noted that by annealing the samples at
the higher temperatures, some of the meso as well as the macropores are getting collapsed
along with the micropores. Therefore, it is not correct to correlate the dielectric constants
of the samples at ambient conditions and after annealing, as the total porosity of the
starting samples will be reduced significantly upon annealing. Instead, to probe the role of
polymer chain packing (crystalline forms) on the dielectric constant, we have annealed
the samples at the above-mentioned temperatures in such a way that the overall porosity
of the final samples remains the same by choosing aerogels of varying porosity as the
starting material. We have taken Je aerogels with starting porosities 94, 95 and 97 % and
annealed them at 90, 140 and 220 °C, respectively. After the annealing process, porosity
of all the three samples was reduced to ~93 % as the extent of shrinkage to the samples
increases with the increase in annealing temperature. Figure 2.4d shows the dielectric

constants of Je aerogel at room temperature and after annealing at 90, 140 and 220 °C. All
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the samples are nearly 93 % porous but differ in their crystal structure. However, the
values obtained for these samples were more or less the same, within the limits of
experimental error. The lattice packing of polymer chains does not seem to have a visible
effect on the eventual dielectric behavior of the sPS aerogel samples. A similar study was
carried out using . aerogels, where the total porosity is 95% and similar results were

obtained as shown in Figure 2.4e.

2.4.4. Thermal Conductivity and Acoustic Properties of de and &. Aerogels

sPS aerogels can be excellent thermal insulation materials because of their highly
porous network structure. Thermal transport in aerogels takes place mainly through three
mechanisms: solid conduction, gaseous conduction and radiative transmission. The
summation of these three components brings about the total thermal conductivity (1) of
the aerogel. As reported earlier, the 4 of bulk sPS lies in the range of 0.2-0.3 WmK5!
On conversion to aerogel, the A of sPS reduced drastically and the values obtained for Je
and e aerogels (porosity ~95 %) are 0.044 and 0.043 Wm™K?, respectively. The obvious
reason for massive reduction in A of aerogel is that it is mostly air and the 1 of air is 0.02
Wm K18 On increasing the porosity of the samples, we could attain further diminution
in the thermal conductivity of aerogels, for example, 0.041 Wm™K is the value obtained
for o. aerogel with porosity ~96 %. The thermal conductivity of expanded polystyrene
boards demonstrated by Mihlayanlar et al. is of the order of 0.04 Wm™K™.%! Similar to
the dielectric studies, we did a systematic analysis of aerogels with varying porosity to
understand the relation that porosity possesses with thermal conductivity. From Figure
2.5a, it is clear that as the porosity decreases, thermal conduction through the e aerogel
increases and this relation is monotonic. A similar trend can be expected in the case of &
aerogel also. When considering the thermal transport mechanism, solid conduction

through the polymer backbone appears to be the major contributor to heat conduction.
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Since sPS aerogels are predominantly mesoporous, i.e., pore sizes are less than 50 nm, a
strong Knudsen effect will be induced in the system. As the majority of the pores are
smaller in size than the mean free path of the gas molecules in free space (~70 nm), the
gas molecules undergo collisions with the pore walls before their interactive scattering,
resulting in the lowering of gaseous conduction.” This explains why the thermal
conductivity is slightly lower in the ¢ aerogel than the J. aerogel of the same porosity.
The solid conduction of a particular material is its intrinsic property. However, as the
morphology suggests, sPS aerogel is composed of weakly connected polymer fibrils and
these weak connections between the nanofibers reduce the heat transfer through the
polymer backbone, eventually resulting in lower total thermal conductivity.>® Figure 2.5b
compares the thermal conductivity of sPS aerogels with some of the polymer-based
aerogels reported in literature prepared by freeze-drying method and sPS aerogels
investigated here showed comparable or even lesser values.%2% The neat polyimide
aerogels prepared by Fan et al. exhibited a higher thermal conductivity (0.052 Wm™K1)
than the sPS aerogels.? The ultra-low and easily tuneable thermal conductivity of
crystalline nanoporous sPS aerogels opens up a wider application prospect to these
materials as thermal insulators in the fields of building insulation, cryogenic flasks and
packaging.

At times, thermal insulating aerogels can have excellent sound absorption ability
also which is a direct consequence of their highly porous structure. The normal incident
sound absorption coefficients, i.e., the ratio of absorbed sound intensity in the material to
the incident sound intensity, of Jde and & aerogels at various frequencies (300-6400 Hz)
are shown in Figure 2.5c along with the values obtained for the commercial sound
insulators such as expanded polystyrene (EPS), polyurethane (PU) foam and expanded

polyethylene (EPE). All the samples used for measurements are cylindrical with 12 mm
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thickness. The absorption coefficients of all the samples were low initially but improved
gradually with the increase in frequency. sPS aerogels showed better absorption ability
than commercial materials even at the lower frequencies. EPS has a maximum absorption
of 92 % at around 4000 Hz. However, it showed very low absorption values (<20 %) up
to 2500 Hz. On the contrary, the ¢ aerogel absorbed more than 80 % of the incident
sound waves beyond 1800 Hz consistently with an obvious peak of 97 % between 2300-
3000 Hz. In the same frequency range, the values obtained for EPS and EPE are less than
30 % and 60 %, respectively. All these commercial insulators are predominantly
macroporous in nature. The de aerogel showed similar results to the e aerogel, but with
slightly lower absorption ability. The peak maximum was 92 % for Jde aerogel in the
frequency range 2600-2800 Hz. The excellent acoustic performance of nanoporous
crystalline sPS aerogels can be attributed to their highly mesoporous structure. As the
sound waves enter a highly porous structure like sPS aerogel, multiple scattering
phenomena and the increased vibration of the pore walls result in the effective attenuation
of sound waves. The tortuosity of wave propagation caused by channel twists and turns
and the nanosized pores result in enhanced friction and air viscosity consumption, thereby
improving the sound absorption performance.® ¢ As mentioned earlier, Je aerogel has a
lower sound absorption capability than the & aerogel and this could be attributed to the
difference in their morphologies. The mesopores morphology of e aerogel provides more
area on the pore walls for the sound waves to get scattered. As a result, the magnitude of
sound scattering and therefore, the vibration of pore walls will be more in & aerogel,
resulting in better sound absorption performance. sPS aerogels can be good alternatives to
the traditional acoustic insulators because of their superior sound absorption ability over a

broad range of frequencies.
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Figure 2.5. (a) The plot of thermal conductivity of de aerogel as a function of porosity, (b)
comparison of the thermal conductivity obtained in the present work with those of
reported aerogels prepared by freeze-drying (the density of the sample and reference
numbers are provided near the data point) and (c) normal incident sound absorption
coefficients of de and ee aerogels measured in the frequency range 300-6400 Hz and
compared with other commercially available sound insulation materials like EPS, PU

foam and EPE.

2.4.5. Oil/Organic Solvent-Water Separation using de and . Aerogels

The water contact angle (WCA) measurements were carried out on sPS aerogels
to study their surface wettability and the values obtained for Je and ¢. aerogels with 96%
porosity are 139 £ 2° and 132.7 + 2°, respectively. The images of water droplets on the
surface of Je and . aerogels are respectively shown in Figure 2.6a and 2.6b. The water
droplets remained stable on the aerogel surface without reduction in the WCA over a long
period of time. This indicates the highly hydrophobic nature of the prepared aerogels
which is attributed to the inherent hydrophobicity of sPS and the surface roughness of
aerogels created by the different levels of porosity.3? When these aerogels were immersed
in water using an external force, no water absorption was observed and the moment the
external forces were removed, the samples rose to the surface. This property of sPS

aerogels could well be utilized for the oil/organic solvent-water separation process. Figure
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2.6¢ displays the selective absorption of dichloromethane stained with iodine from under
the water using Je aerogel. The solvent droplets are readily absorbed by the aerogel within
a few seconds, indicating its high oleophilicity. In Figure 2.6d, hexane colored with
iodine is floating on the surface of the water and has been completely removed using Je
aerogel. Similarly, pump oil and petrol floating on the surface of water were selectively
recovered using sPS aerogels with great efficiency. Thus, the combination of high
hydrophobicity and oleophilicity makes sure that de and ¢ aerogels are superior
oil/organic solvent absorbers. Guerra and coworkers showed high sorption capacity of
organic solvents even from very dilute aqueous solutions using crystalline-nanoporous
SPS aerogels.?® 3% 68 To regenerate the Je and ¢ aerogels for further absorption process,
the oil/solvent-filled aerogels were washed with ethanol and dried in an oven at 60 °C for

60 min. After the washing process, oils/organic solvents can be separated from ethanol by
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Figure 2.6. Water contact angles for (a) de and (b) ee aerogels. The removal process of

(c) dichloromethane and (d) hexane from water using the de aerogel.

2.5. Conclusions
In summary, we have developed sPS aerogels with isolated (de) and channel-shaped
(ee) crystalline nanocavities by a facile and feasible freeze-drying technique. The gel

solvents were exchanged with green solvents such as ethanol and water, which makes the
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entire process eco-friendly. de and ¢e aerogels with porosity as high as 97 % were obtained
and we were able to tune the porosity of aerogels by the careful control of the preparation
steps. The intricate polymorphic changes occurring in these aerogels were studied using
variable temperature WAXD, which revealed some of the fundamental aspects of sPS
phase transitions. The dielectric measurements carried out on the aerogels demonstrated
the linear relationship between the dielectric constant and porosity. Ultralow values for
dielectric constant (1.02 + 0.02) and low thermal conductivity (~0.04 WmK™) were
obtained for both types of sPS aerogels. Also, high sound absorption coefficients were
obtained, particularly for e aerogel (~0.97) which is having a higher fraction of
mesopores. The surface wettability of aerogels was estimated using WCA measurements
(~139°) and their highly hydrophobic and oleophilic nature could be utilized for the oil-
water separation process. Crystalline-nanoporous aerogels of sPS thus proved to be
multifunctional aerogels with  prospected applications in  microelectronics,

thermal/acoustic insulation and oil/solvent spill cleanup.
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3.1. Abstract

The demand for biodegradable polymer-based aerogels with superior comprehensive
properties has escalated in various fields of application, such as packaging, tissue
engineering, thermal insulation, acoustic insulation, and environmental remediation. In
this work, we report a facile strategy for enhancing the thermal and mechanical
properties of polylactide (PLA) aerogels by the stereocomplex (SC) formation between
the opposite enantiomers. Thermoreversible gelation of poly(z-lactide) (PLLA)/poly(p-
lactide) (PDLA) blend in crystal complex forming solvent and the subsequent thermal
annealing of the gel resulted in crystalline pure SC gel, which upon solvent exchange
with water and freeze-drying, furnished robust SC aerogel. It was found that the SC
content could be tuned by varying the annealing temperature of the blend gel and we
could prepare blend aerogels with pure a crystalline form and a mixture of o and SC.
Crystalline pure blend o aerogel showed fibrillar morphology, whereas SC aerogel
exhibited unique interwoven ball-like microstructures interconnected by PLLA and PDLA
chains. The structural evolution during SC formation at the molecular level and the
micrometer length scale instigated better properties in the PLA aerogels. When compared
with the homopolymer aerogels, the crystalline pure SC aerogel showed enhanced
melting temperature of 227 £ 2 °C (50 °C higher), better thermal stability (onset of
degradation was delayed by ~ 40 °C), enhanced mechanical strength (compression
modulus of 3.3 MPa) and better sound absorption ability. The biodegradability of PLA
and the superior properties induced by stereocomplexation make these aerogels potential
candidates in applications such as tissue engineering scaffolds, packaging, acoustic

insulation, etc.
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3.2. Introduction

Nowadays, the entire globe is looking for sustainable alternatives to petroleum-based
polymers for various applications. The scenario is no different in the case of lightweight
materials also. Aerogels based on biodegradable polymers are going to be the future
materials due to their comprehensive mechanical properties, easy processability, facile
tunability and environment-friendliness.!® In this chapter, we have switched from fossil-
based non-degradable polymers to biopolymers, poly(r-lactide) (PLLA) and poly(p-
lactide) (PDLA). These polymers are versatile and commercially available and their
aerogels show great potential in different applications, from scaffolds for tissue
regeneration to biodegradable packaging.*® Stereocomplexation has been an efficient
strategy for enhancing polylactide (PLA) properties, either in bulk or in aerogels/foams.”
%25 Blending the enantiomeric PLAs with the opposite enantiomer can introduce
stereocomplex (SC) crystallites, resulting in enhanced crystallinity, thermal properties
and mechanical properties.” %26 The SC formation in PLA mainly depends upon the
molecular weights of the homopolymers. Low molecular weight polymers (below 20000
Da) readily favor the SC formation.'* 2% 2% 27 However, homopolymer crystallization
dominates over the SC formation for PLLA/PDLA blends with high molecular weight
polymers (above 20000 Da).** 2% 2L 28 Several strategies have been developed for the
exclusive SC formation in the high molecular weight PLLA/PDLA blends. It was
reported that the content of SC is sensitive to several factors, such as chain
entanglements, chain diffusion, chain mobility, optical purity, and mixing level of
PLLA/PDLA. 15 20. 23,2933 | the conventional route, SC formation was achieved by
melt blending and subsequent annealing of the blend at temperatures near the melting

temperature of homopolymers.3* %> However, no attempts were made to prepare the
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exclusive SC aerogels as this procedure involves gel formation and subsequent solvent
extraction.

Like many other semicrystalline polymers, PLLA and PDLA also form
thermoreversible gels through crystallization, where the small crystallites constitute the
physical cross-links (junction zones) of the three-dimensional polymer networks.%¢3 In
polymers such as syndiotactic polystyrene (sPS) and poly(phenylene oxide) (PPO), the
gelation solvent can form crystal complexes with polymers, i.e., the polymer
accommodates solvent molecules within its crystal lattice.36: 3 41444 Simijlar to sPS and
PPO, polylactides (PLLA and PDLA) are also known to form crystal complexes (e-form)
in certain solvents like N, N-dimethylformamide (DMF), tetrahydrofuran (THF),
cyclopentanone (CPO), etc.® 471 PLLA has been demonstrated to form & gel readily on
cooling the polymer solution in DMF to below 0 °C. Matsuda et al. reported that the
gelation of PLLA was induced by the solvents that form crystal complexes (e crystals),
and no such gel formation was observed in the solvents that cannot form PLLA crystal
complexes.®® These thermoreversible gels undergo a phase transition upon heating to
form stable a-form gels at moderate temperatures. Even though much work has not been
done on PDLA crystalline complexes, the same behavior was reported for PDLA in
DMF.? ¢ gels of PLLA or PDLA could be converted to aerogels by extracting the gel
solvent using techniques like supercritical drying or freeze-drying. However, the direct
removal of organic solvents using these methods is tricky due to the high critical
temperatures/pressures or low freezing points. Therefore, solvent exchange strategies
should be adopted to facilitate the easy removal of gel solvents.>® % Matsuda et al.
showed that DMF in PLLA ¢ gel is readily exchangeable with water without the

disintegration of the gel network and in the resultant gel, & crystals transformed to o
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crystals bereft of any morphological changes.*® However, there are no reports on
homopolymer aerogels obtained by this method.

Though there is some understanding of the gel formation of homopolymers, the
blending of PLLA and PDLA in crystal complex forming solvents for the preparation of
aerogels has never been explored. Recent reports on SC PLA aerogel used 1, 4-dioxane as
the solvent for blending the enantiomers of PLA.” % The blend solution was frozen and
then freeze-dried to obtain the aerogels. It has to be noted that 1, 4-dioxane does not
induce typical thermoreversible gelation of PLA; hence, the resultant aerogels suffer from
poor crystallinity. Praveena et al. tried the gel formation of PLLA/PDLA blends in DMF
in the quest of SC crystallization and found that PLLA and PDLA chains in the blend gel
crystallized independently into the corresponding crystal complexes (e-form) rather than
into the SC.* Although the SC formation was well studied in bulk, many questions are
left unanswered in understanding the SC formation in gels and aerogels. For example, is it
possible to obtain pure SC gel without homopolymer crystals by blending PLLA and
PDLA? Is it possible to convert the SC gel to SC aerogel without structural reorganization
during solvent extraction? What happens to the structure of the blend gel in a hierarchical
length scale on solvent extraction? So far, no one has attempted to answer the above
questions, as gel formation and solvent exchange resulted in the structural change of
PLAs.

In this chapter, we propose a simple strategy for the preparation of SC aerogels with
crystalline purity by blending PLLA and PDLA in DMF. The PLLA/PDLA blend gel on
solvent exchange with water resulted in the a-form gel, which upon freeze-drying
furnished a-form aerogel. In order to instigate the chain diffusion and the alternate
packing of the opposite enantiomeric chains, the blend ¢ gel was thermally annealed at 70

°C. As a result, SC gel (without homocrystals) was obtained, which was then converted to
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aerogel by solvent exchange and freeze-drying. The degree of crystallinity was enhanced
and unique morphologies were generated when the opposite enantiomeric chains co-
crystallized into the SC. These hierarchical structural changes resulted in the

enhancement of the thermal, mechanical and surface properties of the aerogel.

3.3. Experimental Section
3.3.1. Materials

PLLA (Mw ~ 101 kg/mol, B ~ 1.8) and PDLA (Mw ~ 124 kg/mol, b ~ 1.37) were
purchased from Sigma-Aldrich. The solvent N, N-dimethylformamide (DMF) [purity

>99.9%] was supplied by Merck and used as received.

3.3.2. Preparation of Homopolymer Gels and Aerogels

10 wt% solution of PLLA or PDLA in DMF was prepared by heating the solvent
at 120 °C. The solution was cooled to below 0 °C by keeping it in the freezer.
Thermoreversible gelation occurred immediately and the resulted gel was aged at the
same temperature for 48 h. Then, DMF in the gel was exchanged with water by
immersing the gel fully in water. This water was replaced with fresh water 4-5 times over
a period of 30 h in order to ensure the complete exchange. The hydrogel thus obtained
was first frozen at -40 °C and then freeze-dried for 24 h to obtain homopolymer aerogel

with an overall porosity of 90 %.

3.3.3. Preparation of PLLA/PDLA Blend Gels and Aerogels

Equal quantities of PLLA and PDLA were used to separately prepare 10 wt%
solutions in DMF. The PLLA and PDLA solutions were then mixed thoroughly and the
mixed solution was cooled to below 0 °C in the freezer to obtain PLLA/PDLA (1:1) blend

gel. This gel was aged at the same temperature for 48 h before further use.
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In order to prepare blend a-form aerogel, the above gel was solvent exchanged
with water as described earlier and then freeze-dried.

In order to prepare SC aerogel, the above gel was first subjected to thermal
annealing at 70 °C. For this, an oil bath was pre-heated to 70 °C using a hot plate and the
vial containing the gel was immersed entirely in the oil for 5-10 minutes. Then, the gel
was cooled back to the RT and aged in the freezer (< 0 °C) for 12 h. This was followed by
solvent exchange and freeze-drying as before to obtain a complete SC aerogel. Following
the same procedure, except for a change in the annealing temperature to 50 °C, will result

ina (a + SC) aerogel.

3.3.4. Characterization
The porosity of different aerogel samples was determined from the density values

using the following equation

P =100 [1 - ”—”] (1)

Ppol
where p,, is the mass/volume ratio (apparent density) of the prepared aerogel; volume is
determined theoretically from the dimensions of the samples and p,,,; is the density of the
bulk polymer. XEUSS SAXS/WAXS system from Xenocs operated at 50 kV and 0.60
mA in the transmission mode using Cu Ko, radiation of wavelength 1.54 A was used for
WAXD measurements. The two-dimensional patterns were recorded on a Mar 345 image
plate system (detector) and the Fit2D software was used for data processing. Variable
temperature WAXD measurements were carried out with the aid of Linkam THMS 600
hot stage connected to the LNP 95 cooling system. Infrared spectra of the aerogel samples
were collected using a PerkinElmer Series FT-IR spectrum-2 at a resolution of 4 cm™
over the wavenumber range of 4000-400 cm™ in the attenuated total reflectance (ATR)

mode. DSC measurements were performed using an advanced research-grade modulated
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differential scanning calorimeter TA Q2000 under a nitrogen atmosphere was used for the
measurements. The heating rate adopted was 10 °C/min. TGA was carried out under
continuous nitrogen flow using TA Q50, a fourth-generation thermogravimetric analyzer.
The surface morphologies of various aerogels were probed using a Zeiss EVO 18 cryo-
SEM operated at an accelerating voltage of 12 kV. A JEOL 2010 transmission electron
microscope operating at 300 kV was used to examine the morphology of the xerogels.
The gels were dispersed in DMF, drop casted on a carbon-coated copper grid and
naturally dried under dust free atmosphere. An automated DSA30 Drop Shape Analyzer
(KRUSS, Germany) was used for the measurement of WCA. From the nitrogen
adsorption-desorption isotherm (Gemini 2375, Micromeritics, Norcross, USA), the BET
surface area of the aerogels was measured. The samples were degassed at room
temperature for 24 h before the measurement. The pore size distributions were also
obtained from the isotherms using the Barrett-Joyner—Halenda (BJH) method. A
universal testing machine (Hounsfield, HSKS UTM, Redhill, UK) with a crosshead speed
of 1.3 mm min? was used for the compressive strength analysis of the aerogels.
Cylindrical samples with diameter to height ratio of approximately 1.5 : 1 were used for
these measurements. The normal incident sound absorption coefficient of all of the
samples was obtained using a Briiel & Kjer impedance tube, type 4206 (Denmark) via
two microphone method. Cylindrical samples with a diameter of 29 mm and thickness of

12 mm were used for the measurements.

3.4. Results and Discussion

The PLLA/PDLA (1:1) blend gel was prepared by homogeneously mixing the
equimolar PLLA and PDLA solutions prepared in DMF and cooling the mixed solution to
below 0 °C. Similarly, homopolymer gels were also prepared. The total polymer

concentration in the solution was 10 wt % in all the cases. The blend gel, similar to the




Stereocomplex Aerogels 67

PLLA and PDLA gels, crystallized into the e-form with PLLA and PDLA chains adopting
107 helical conformation and accommodating DMF molecules within the orthorhombic
lattice (20 = 9.8° (111), 11.9° (200), 14.1° (020), 15.7° (121/114), 18.5° (123), 19.5°
(223), 20.8° (116) and 23.8° (117)).*" These gels were quite stable for a long duration
even at room temperature, as evident from the wide-angle X-ray diffraction (WAXD)
patterns in Figure 3.1a. The gel solvent (DMF) of the blend as well as the homopolymer &
gels was exchanged with water (with a higher freezing temperature (0 °C) than DMF (-61
°C)) before the freeze-drying process to ease the solvent removal and obtain aerogels with
negligible size reduction. However, solvent exchange resulted in a phase transition from
e-to-a. form through a local disorder in the helical conformation within the crystal lattice
following the solvent desorption from the crystal lattice to the amorphous region. The
WAXD patterns of the PDLA, PLLA and PLLA/PDLA blend gels after the solvent
exchange (Figure 3.1b (A-C)) show characteristic reflections of the a-form (26 = 16.7°
(200/110) and 19.1° (203)).%° Note that PLLA/PDLA ratio in the blends is 1:1 throughout
the entire work. The « crystalline form of PLA is stable and therefore, solvent extraction
from the gels resulted in a-form aerogels, as shown in Figure 3.1c (A-C). The degree of
crystallinity of the obtained PLLA, PDLA and PLLA/PDLA « aerogels was 51 + 2 %, 49

+ 2% and 47 £ 2 %, respectively.
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Figure 3.1. WAXD patterns of (a) PLLA/PDLA blend & gel obtained on successive days
after the initial preparation showing the stability of the prepared gel, (b) various gels

after the solvent exchange with water, and (c) aerogels (gels after freeze-drying).

Variable temperature WAXD studies of the PLLA/PDLA blend ¢ gel (Figure 3.2a)
show that on heating the gel, the ¢ form transformed to the a-form around 45 °C (this is
an irreversible transition) and simultaneously, some of the disordered PLLA and PDLA
chains reorganized to form SC crystals. Further heating resulted in the melting of «
crystals (destabilization) and the formation of highly stable SC gel by chain
reorganization. It has to be noted that the contents of the a and SC crystals remain the
same after annealing the blend gel just above the € to a transition temperature (50 °C) for
250 min (Figure 3.2b). These experiments suggested that annealing the blend gel at 70
°C is crucial because the a crystals are quite stable below this temperature. Based on the
above observations, we planned two experiments. In the first experiment, we annealed the
blend ¢ gel just above the ¢ to «a transition temperature (50 °C) for 5 min, cooled it back to
room temperature and then aged it at < 0 °C for 12 h. The WAXD pattern (Figure 3.2c) of
the resultant gel shows new reflections at 260 = 11.9° (110), 20.8° (300/030) and 24.0°
(220) along with the characteristic reflections of the a-form. The new peaks

corresponding to the SC crystals and this mixed o + SC structure prevailed even after the
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solvent exchange (Figure 3.1b (D)). At ~50 °C, as discussed earlier, the solvent molecules
from the crystal lattice of the ¢ form are ejected to the amorphous phase and some of the
disordered PLLA and PDLA chains come close to each other due to the activated
mobility. As a consequence, the ¢ crystals reorganize to form « crystals and a fraction of
the disordered chains reorganize into SC. The same crystal structure was retained in the
aerogel, as shown in Figure 3.1c (D). In the second experiment, thermal annealing of the
blend ¢ gel was carried out at around 70 °C. At this temperature, the whole of PLLA and
PDLA a crystals (formed at 50 °C) melted and the polymer chains achieved enough
mobility and diffusion ability to discover opposite enantiomeric chains for the
reorganization into SC crystals (31 helical conformation) (Figure 3.2¢).*® SC form shows
the highest stability among all the crystalline forms of PLA and therefore, the SC gel
formed by the above experiment retained its crystal structure even after the solvent
exchange (Figure 3.1b (E)) and solvent removal (Figure 3.1c (E)). Thus, we prepared
pure SC crystalline PLA aerogels by thermally annealing the PLLA/PDLA blend ¢ gel at
~70 °C for a short duration (10 min) followed by solvent exchange with water and freeze-
drying. It has to be noted that thermal annealing of the blend ¢ gel did not affect the gel
stability and no dimensional changes were observed after the annealing process. Freeze-
drying resulted in only negligible shrinkage (~3 %) and all the aerogels prepared in this
study had a total porosity of ~90 %. SC aerogel exhibited the highest degree of

crystallinity of 54 £ 2 %.
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Figure 3.2. (a) Temperature dependent WAXD patterns of PLLA/PDLA blend & gel
during the heating process. (b) Time-variable WAXD patterns of PLLA/PDLA blend ¢-gel

during isothermal annealing at 50 °C.

The successful formation of aerogels with various crystalline forms was further
confirmed by Fourier transform infrared (FTIR) analysis. The IR spectral region between
880 and 980 cm™ corresponds to the r(CH3) + v(C-COOQ) vibrational modes, which are
sensitive to the chain packing mode of PLA.%® 57 Similarly, another IR region, 1280-1330
cm™ corresponding to the 8s(CH3) + §(CH) + v(C-O-C) vibrations were also found to be
helpful in distinguishing between different structural forms of PLAs.5% % Figures 3.3a and
3.3b show explicit spectral differences between the a-form (blend and homopolymers)
aerogels and the SC aerogel. The latter exhibits a peak at 908 cm™, which is absent in all
the a-form aerogels. The 921 cm™ band is the characteristic band of the a-form*® %57 and
it was absent in the SC aerogel (Figure 3.3a). In the other spectral region (1280-1330 cm”
1y also, the peak positions were quite different for SC (1306 and 1318 cm™) and a-form
(1293 and 1305 cm™) aerogels, as shown in Figure 3.3b. These observations substantiate
the results obtained from the WAXD studies and confirm the crystal structure of all the
aerogels prepared in this study. Figure 3.3c shows the carbonyl stretching region of
various aerogels. Homopolymer and blend a-form aerogels showed identical carbonyl

stretching frequencies (1757 cm™), whereas, in SC aerogel, there is a shift in the
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stretching peak towards the lower wavenumber (1747 cm™), which is attributed to the
conformational change (from 107 to 3:) of PLA chains and the strong interactions
between the PLLA and PDLA chains. As expected, the a« + SC aerogel exhibited two
stretching frequencies in the intermediate region between 1757 and 1747 cm?,

corresponding to the o and SC forms of PLA.
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Figure 3.3. FTIR spectra of various aerogels in the regions of (a) 880-980 cm, (b) 1280-

1330 cm™? and (c) 1700-1800 cm™.

The homopolymer aerogels melted around 176 £ 2 °C, as shown in the differential
scanning calorimetry (DSC) thermograms (Figure 3.4a (A-B)). The SC aerogel exhibited
a higher melting temperature (227 + 2 °C), and no homopolymer melting was observed in
this case (Figure 3.4a (E)), which is absolute proof of the crystal purity of the prepared
SC aerogel. However, in the blend a-form aerogel, endotherms corresponding to the
melting of both o and SC crystals were observed in the DSC. This is because, just after
melting all the o crystals, the disordered PLLA and PDLA chains in the blend aerogel
attain sufficient mobility to form SC crystals.>” % Pan and co-workers reported that the
entanglements degree in freeze-dried samples play a crucial role in SC crystallization.®?
We speculate here that the chain entanglements in aerogels are responsible for the

reorganization of molten chains into SC just above the melting of a crystals, which is
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different from the bulk samples.® 20 The endotherm (a crystal melting) followed by a
small exotherm in Figure 3.4a (C) is characteristic of such polymer chain reorganization
and crystal to crystal transition.'® %° It has to be noted that in the case of a + SC aerogel,
no such exotherm following the first endotherm was observed (Figure 3.4a (D)) due to the
low contents of the a crystals in the starting sample. The thermal stability of the aerogels
was also enhanced upon SC formation, as shown in Figure 3.3b. The temperature at 50 %
weight loss (Tsow) for PLLA, PDLA, blend a-form, a + SC and SC aerogels are 316, 322,
329, 337 and 343 °C, respectively. In the case of PLLA/PDLA blend aerogels, the pure
crystalline forms (a-form and SC) exhibited better thermal stability than the assorted (o +

SC) form.
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Figure 3.4. (a) DSC first heating curves and (b) TGA thermograms of various aerogels at

a heating rate of 10 °C/min.

PLLA and PDLA aerogels displayed typical interconnected fibrillar network
morphologies, as shown in the scanning electron microscopy (SEM) images (Figures 3.5a
and 3.5b). Transmission electron microscopy (TEM) image of PLLA xerogel (gel which
is dried under ambient conditions) also shows similar morphology (Figure 3.5c).

Whereas, in the blend a-form aerogel, some of the polymer fibers agglomerated into
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dense spherical bundles (Figure 3.5d and 3.5f) and these globular species displayed a
randomly scattered distribution on the fibrillar network, as given in Figure 3.5e. However,
in this case, the microstructure is more of the homo-polymer structure, except for the
agglomerated species. It has to be noted that the spherical bundles are more in the TEM
image (Figure 3.5f) due to the ambient drying conditions compared to the aerogels
prepared by the freeze-drying method (Figure 3.5d). On the other hand, SC aerogel
exhibited a unique morphology that is different from the homopolymer and blend (a-
form) aerogels. As seen in Figures 3.5g, 3.5h and 3.5i, most of the polymer fibrils
wrapped together into globular structures (nodular morphology) of micrometer
dimensions upon SC formation and the individual spheres were connected to each other
by the short polymer fibers. For this to happen, during the thermal annealing of the blend
gel, the PLLA and PDLA fibres have to unwind first to individual polymer chains and
then, the PLLA and PDLA chains have to come together at the molecular level. Unlike
the blend a-form aerogel, the spherical structures in this case possess a certain level of
porosity owing to the loose winding of the polymer fibrils. Therefore, at the micrometer
length scale, SC formation resulted in a major reorganization of the morphology from
interconnected fibrillar structures to interconnected globular networks (nodular
morphology). Such a difference in the microstructure is responsible for the enhancement
of the aerogel thermal properties. The observed morphologies of homopolymer and SC

aerogels are different from that reported for PLA foams/aerogels.5%-64
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Figure 3.5. SEM images (magnification x 25000) of (a) PDLA and (b) PLLA aerogels.
(¢c) TEM image of PLLA xerogel. SEM images of blend a-form aerogel magnified (d)
25000 time and (e) 2000 times. (f) TEM image of blend a-form xerogel. SEM images of

SC aerogel magnified (g) 25000 time and (h) 2000 times. (i) TEM image of SC xerogel.

Several other properties were also elevated in SC aerogel due to their unique
morphological features, such as surface and mechanical properties. For example, the
water contact angle (WCA) measured for SC aerogel was 149.0 £ 1°. WCA is a measure
of the surface wettability of the aerogels. Since PLAs are inherently hydrophobic in
nature, PLLA aerogel exhibited a very high WCA of 141.6 + 1°. Whereas, with the
change in the surface morphology, more surface roughness was induced on the SC
aerogel when compared to the PLLA aerogel, making it nearly superhydrophobic (Figure
3.6a). Similarly, the Brunauer—Emmett—Teller (BET) surface area was enhanced and a

narrow pore size distribution was obtained for SC aerogel when compared to the
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homopolymer aerogels. Figure 3.6b shows the nitrogen adsorption-desorption isotherms
and pore size distribution curves of PLLA and SC aerogels. Unlike PLLA aerogel, SC
aerogel shows a typical Type 1V adsorption isotherm with a hysteresis loop (Figure 3.6b),
characteristic of a mesoporous solid.%® The pore size distribution in Figure 3.6¢ also
validates the highly mesoporous structure of SC aerogel and the curve peaks around 12
nm. In PLLA aerogel, the pore size distribution is broad and pore diameters above 50 hm
dominate. Thus, it is appropriate to mention that the morphological switch has brought a
shift from less mesoporous to highly mesoporous structures in PLA aerogels. The BET
surface area was also enhanced in SC aerogel (~ 132 m? g*) on comparison with that of

PLLA aerogel (~ 113 m?g™).
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Figure 3.6. (a) Images of water droplets on the PLLA and SC aerogel surfaces and their
contact angles. (b) N2 adsorption-desorption isotherms and (c) pore size distributions of

PLLA and SC aerogels.

Mechanical strength is of paramount importance for aerogels from the application
point of view. PLA homopolymer aerogels are lagging behind and constant efforts have
been put through to improve the mechanical properties of these aerogels.” The

crystallinity of PLLA and SC aerogels prepared in this study are almost the same (52 + 2
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%). However, there is a marked difference in the compression strength between these two
aerogels, as shown in Figure 3.7a. The enlarged portion of Figure 3.7a (Figure 3.7b)
shows the linear elastic region of the compressive stress-strain curve, the slope of which
gives Young’s modulus. All the aerogels used for the compression test have an overall
porosity close to 90 %. The compression moduli were calculated to be 2.0, 1.8 and 3.3
MPa for PLLA, blend a-form and SC aerogels, respectively. The slight agglomeration of
polymer fibrils in the blend a-form aerogel resulted in the lowering of modulus when
compared to the homopolymer aerogels. However, the complete transformation of the
blend into SC has furnished almost double the compression modulus. Even though PLLA
and PDLA aerogels have interconnected fibrillar networks, these networks are not strong
enough to withstand higher loads. Whereas in the SC aerogel, the winding of polymer
fibrils into globular structures resulted in a muscular monolith. In addition, these spheres
were connected to the neighboring spheres not by a single strand but by multiple polymer
strands, hence making the interconnections quite strong. Thus, we could obtain PLA
aerogels with superior load-bearing properties without compromising the high porosity by
allowing the opposite enantiomeric polymer chains to interact and form SC crystals
(interconnected globular network). Figure 3.7c shows SC aerogel being balanced on top
of caterpillar grass; this indicates the ultra-lightweightness (density ~ 0.09 g cm™) of the
prepared aerogel.

The morphology switch has not just enhanced the mechanical properties of the
aerogel, but also improved its sound absorption ability. As demonstrated in our previous
study on sPS aerogels, the differences in the pore structure, pore volume and surface area
can have significant effects on the sound insulation of aerogels.>? The ratio of absorbed
sound intensity in the material to the incident sound intensity is known as normal incident

sound absorption coefficient of a particular material. Figure 3.7d is the plot of sound
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absorption coefficient of PLLA and SC aerogels at various frequencies (300—-3000 Hz);
for comparison, the data obtained for a commercial sound insulator (polyurethane (PU)
foam) is also provided. Below 3000 Hz, the SC aerogel exhibited multi-fold enhancement
in the sound absorption than the PLLA aerogel and the absorption coefficients are way
better than the PU foam. In the frequency range 1800-2000 Hz, absorption coefficients as
high as 0.85 were obtained for SC aerogel. The excellence in the acoustic insulation
performance of SC aerogel is attributed to its largely mesoporous structure. Sound waves
get scattered multiple times inside the porous structure resulting in the vibration of the
pore walls. Also, the enhanced friction causes air viscosity consumption. In both these
situations, the sound energy will be converted as heat within the material, resulting in a
reduction of the sound pressure. As the market is looking for sustainable alternatives to
the age-old sound insulation materials, these aerogels with superior comprehensive

properties can be excellent candidates.
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Figure 3.7. (a) Stress-strain plots of various aerogels under compression and (b) the
magnified linear elastic region. (c) Photographic image of SC aerogel on top of
caterpillar grass. (d) Normal incident sound absorption coefficients of SC and PLLA

aerogels measured in the frequency range of 300—3000 Hz.
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Based on the results obtained, we have clarified the development of hierarchical
structures in PLLA/PDLA blend aerogels (Figure 3.8). Though the homopolymer gels
crystallized into the ¢ form, upon the aerogel preparation, the structure is transformed to
the a-form and higher-ordered structures show interconnected fibrillar networks in
aerogels (Figure 3.8a-b). The PLLA/PDLA blend in DMF also crystallized into the -
form on thermoreversible gelation. The blend e-form gel transformed to the a-form upon
solvent exchange and the corresponding a-form aerogel showed an interdigitated fibrillar
network with dense agglomerates at random positions (Figure 3.8c). Here, the
interdigitating occurs between the fibrils of opposite enantiomeric chains, as there is only
a local disorder of the helical chains during the e-to-a transition. But, when the blend -
form gel was annealed at 70 °C, the polymer chains attain enough diffusion ability to find
opposite enantiomeric chains for the alternate packing into SC crystals. The higher-
ordered structure in SC aerogel shows an interconnected network of globular structures,
which is completely different from the blend a-form microstructure. In order to form such
morphology, the enantiomeric polymer fibrils have to unwind to individual chains first.
Only then, the PLLA chains can twine with PDLA chains to form interwoven ball-like
microstructures, as shown in Figure 3.8d. The untangled polymer strands form
connections between the individual spheres to form a network structure. Thus, it is
appropriate to mention that thermal stimulus has not only induced chain mobility and
diffusion at the molecular level, but also instigated prodigious microstructural

reorganization resulting in perfect SC formation in PLLA/PDLA blend gels and aerogels.
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Figure 3.8. Schematic diagram showing the hierarchical structures of various aerogels;

(a) PLLA o aerogel, (b) PDLA o aerogel, (c) blend o aerogel and (d) blend SC aerogel.

3.5. Conclusions

In summary, using the thermoreversible gelation approach, we reported the
formation of crystalline pure SC gels and aerogels of PLA. The crystal complex forming
solvent was used for the PLLA/PDLA blend gel formation. In the initial blend gel, the
homopolymers crystallized independently into the corresponding crystal complexes (e-
form) rather than co-crystallizing into the SC. When the gel solvent was exchanged with
water and freeze-dried, a blend a-form aerogel was obtained. Thermal treatment of the
blend gel resulted in crystalline phase transitions; e-to-a transition occurred around 50 °C
due to the solvent desorption from the crystal lattice to the amorphous region and the
subsequent reorganization of the helical chains occurred through a disordered state. At a
higher annealing temperature of blend gel (at 70 °C), polymer chains acquired enough

energy to diffuse through the system and found the opposite chains for the alternate
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packing. As a result, gel with a complete SC crystal structure was obtained, resulting in

SC aerogel upon solvent exchange and freeze-drying. The transitions at the molecular

level were accompanied by hierarchical structural changes and microstructural evolution.

The interconnected fibrillar morphology in the a-form aerogels was converted to unique

interwoven globular network morphology upon the SC formation. These transitions, both

at the molecular level and at the micrometer length scale, resulted in noteworthy

enhancement of the aerogel thermal, mechanical and acoustic properties.
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4.1. Abstract

The growing demand for aerogels based on biodegradable polymers in the
construction field, structural applications and packaging can be encountered only by
overcoming their inherent limitation of high flammability. Owing to their
biodegradability, biocompatibility and good mechanical properties, polylactide (PLA)
aerogels present extensive application prospects. However, the high flammability and
melt-dripping phenomenon of PLA hold back these materials from the market. Though
several strategies are available in the literature for improving the flame retardancy of
PLA in its bulk form, there are barely any such reports on PLA aerogels. Therefore, it is
high time to innovate and introduce novel and sustainable approaches for the
enhancement of flame retardancy of PLA aerogels. Herein, utilizing the electrostatic
interactions, biobased ionic molecules (sodium alginate (SA), chitosan (CS) and phytic
acid (PA)) were deposited on poly(L-lactide) (PLLA) skeleton in the gel state through a
solvent exchange cum layer-by-layer assembly approach using water as the
exchange/assembly media. Freeze-drying of the hydrogels modified with SA, CS and PA
furnished highly flame retardant PLLA aerogels. The new strategy does not involve
complex chemical reactions, toxic flame retardants, or harmful solvents and can be used
for the modification of aerogels of other polymers. The modified aerogels developed in
this study exhibited self-extinguishment of flame, the highest limiting oxygen index of any
porous PLA (~ 32 %), and a tremendous reduction in flammability parameters such as

heat release rate, heat release capacity, etc.
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4.2. Introduction

Aerogels based on polylactide (PLA) meet sustainability goals set for lightweight
materials due to their excellent biodegradability and low toxic nature. In the previous
chapter, we could enhance the thermal and mechanical properties of PLA aerogels by
stereocomplex formation. PLA aerogels with superior properties are highly attractive for
biomedical (tissue engineering scaffolds) and packaging applications. Apart from these,
PLA aerogels possess huge potential in the construction field as thermal and acoustic
insulators. However, the high flammability and melt-dripping behavior of PLA pose a
serious threat that limits its application in such emerging fields.>? Therefore, to expand
the practical usage of PLA aerogels for various industrial applications, flame retardancy
is of utmost importance. Traditionally, halogenated flame retardants have been employed
for polymeric systems; but their adverse impact on the environment and human health
prompted researchers to look for alternatives. To take advantage of the biodegradability
of PLA, it is obvious that the flame retardants should not introduce much of non-
biodegradable components in the final material.> Hence, bio-based flame retardants have
attracted research interest, particularly for PLA.*®

In recent times, intumescent flame retardants (IFR) based on biomass derived
molecules such as chitosan (CS), phytic acid (PA), alginate, etc. have become popular for
enhancing the flame retardancy of bulk PLA.°' CS is an environment friendly
biodegradable cationic polysaccharide with multiple hydroxyl groups, PA is a bio sourced
phosphorus-rich anionic molecule and alginate is a natural anionic polysaccharide (linear
copolymer). All these biobased materials are readily water soluble.>* Therefore,
electrostatic interactions between these differently charged molecules can be exploited to
assemble them layer-by-layer (LbL) on top of materials to modify their surfaces in an

organic solvent-free system.!® Such LbL assemblies have been successful in generating
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core-shell structured flame retardants for PLA. For example, Xiong et al. fabricated core-
shell flame retardants using ammonium polyphosphate (APP) as the core.® Cationic CS
and anionic PA were alternately deposited on negatively charged APP core via LbL
assembly in water. The addition of APP-CS-PA core-shell particles to PLA enhanced its
flame retardancy as well as toughness. Zhang et al. employed a similar strategy to prepare
core-shell bio-based flame retardant for PLA, where, instead of PA, they used alginate.°
They could achieve an LOI value of ~30.6 % for the PLA composite with three layers of
the CS-alginate shell. However, all these reports have been on bulk PLA, not on PLA
aerogels. LbL coating has been successfully used for improving the flame retardancy PU
foams because of their high flexibility and structural stability.'6-*® However, that is not the
case with thermoplastic polymer aerogels, which involves gel formation prior to the
solvent extraction, and mostly, the flame retardants have to be incorporated into the
system before the gelation. Also, it has to be made sure that the incorporation of flame
retardants does not affect the intrinsic porous structure of the aerogels.

Recently, Kang et al. introduced a novel method to integrate biobased molecules into
the semicrystalline polymer aerogels.!® They prepared organogels of poly(3-
hydroxybutyrate) (PHB) by non-solvent induced phase separation method and these gels
were solvent exchanged with aqueous solution of CS. They could successfully load CS
into the PHB hydrogels and prepare PHB/CS composite aerogels by freeze-drying.
Inspired by this approach, solvent exchange process and the LbL assembly method were
integrated to incorporate flame retardants into the PLA gels and aerogels. In our previous
chapter, we have already demonstrated the success of solvent exchange of PLA
thermoreversible gels with water and the subsequent freeze-drying to obtain highly

porous aerogels.?
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In this chapter, we devised a novel and green strategy to fabricate flame retardant
poly(L-lactide) (PLLA) aerogels without the use of halogenated or inorganic flame
retardants. Herein, we employed solvent exchange method to incorporate biobased ionic
molecules into the 3D framework of PLLA gels prepared by thermally induced phase
separation (TIPS) method. The selected molecules (CS, PA and sodium alginate (SA))
combine P and N rich moieties and provide multiple hydroxyl groups with high charring
efficiency. By exploiting the electrostatic interactions between them, these guest
molecules were alternately deposited one over the other (in different sequential orders) on
the PLLA framework in the gel state. The as-prepared hydrogels were freeze-dried to
obtain aerogels with excellent flame retardant properties. PLLA aerogels prepared with
different sequential deposition of SA, CS and PA were tested for flammability. The
PLLA-SA-CS-PA aerogels showed the best result with limiting oxygen index (LOI) value
as high as 32.0 % (as compared to 18.5 % of neat PLLA aerogel), which is the highest
value obtained for any PLA aerogel/foam. The modified aerogels also exhibited self-
extinguishment of flame. The new protocol adopted in this work is a generalized one,
which can be applied for the flame retardant modification of not just the PLA gels, but

also the thermoreversible gels of other polymers.

4.3. Experimental Section

4.3.1. Materials

PLLA (Mw ~ 260 kg/mol, B ~ 1.5), chitosan (low molecular weight, degree of
deacetylation > 75%), sodium alginate, and phytic acid solution (50 % (w/w) in H20)
were purchased from Sigma-Aldrich Co. and used without further purification. The gel

solvent, N, N-dimethylformamide (DMF) [purity >99.9%] and glacial acetic acid were
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supplied by Merck and used as received. Deionized (DI) water was used for the solvent

exchange process.

4.3.2. Preparation of Flame Retardant Aerogels

6 wt% PLLA solution was prepared by dissolving 0.3 g of PLLA in 5 mL of DMF
by heating at 120 °C. The solution was then transferred to 10 mL plastic syringe and
cooled below 0 °C. The obtained PLLA thermoreversible gel was aged at the same
temperature for 24 h before the solvent exchange process was carried out.

For the solvent exchange, 2 wt% aqueous solutions of SA, CS and PA were
prepared independently. PLLA gel made from 5 mL solution was first immersed in 100
mL of SA (anionic) solution. After 12 h, the gel was taken out and washed with water to
remove the excess SA solution from the gel surface. In the next step, the gel was kept
immersed in 100 mL of CS (cationic) solution for 12 h. Since we used an anionic
solution in the first step, the second immersion should be in a cationic solution in order to
induce electrostatic interaction. Again, washing was done and the gel was subjected to the
third step of solvent exchange. 100 mL of PA (anionic) solution was used this time. After
12 h, the final washing was done, and we obtained an LbL-coated PLLA hydrogel.
According to the order of LbL coating, this sample is named as PLLA-SA-CS-PA gel.
Similarly, PLLA-PA-CS-SA, PLLA-CS-SA-CS, and PLLA-CS-PA-CS gels were also
prepared by altering the order of the solution for solvent exchange. For comparison,
PLLA gel exchanged with pure water was also prepared.

The PLLA hydrogels (modified and unmodified) obtained after the solvent
exchange were frozen at -40 °C and then freeze-dried for 24 h to obtain the corresponding

aerogels.
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4.3.3. Characterization

Densities of aerogel samples were calculated theoretically from their mass/volume
ratio. Using a scanning electron microscope (Zeiss EVO 18 cryo-SEM operating at an
accelerating voltage of 15 kV), the morphology of various aerogels was examined. FTIR
analysis was performed using a PerkinElmer Series FT-IR Spectrum Two machine at a
resolution of 4 cm™ and 32 scans in the wavenumber range of 4000-400 cm™ to confirm
the aerogel modification. Water contact angle (WCA) measurements performed using an
automated DSA30 Drop Shape Analyzer, KRUSS, Germany further confirmed the
surface modification of aerogels. Elemental analysis of the aerogels was carried out with
energy dispersive spectroscope (EDS) attached to the SEM. Structural stability of the
aerogels after the modification process was confirmed from wide-angle X-ray diffraction
patterns acquired using XEUSS SAXS/WAXS system from Xenocs operated at 50 kV
and 0.60 mA in the transmission mode using Cu Ko radiation (1 = 1.54 A). Mar 345
image plate system detected the 2D-patterns and the Fit2D software was used for data
processing. Thermal degradation behavior of the aerogels before and after the flame
retardant treatment was monitored using a thermogravimetric analyzer (TGA) TA Q50.
The samples were heated from room temperature to 800 °C at a rate of 10 °C/min under
nitrogen atmosphere.

The flammability properties of the aerogels were analyzed by horizontal burning
tests, limiting oxygen index (LOI) measurements and microscale combustion calorimetry
(MCC). A Critical Oxygen Index Apparatus (as per ASTM D2863-08, ISO 4589) from
Spectrum Automation and Controls coupled with Servomex Servoflex MiniMP (United
Kingdom), a high-performance oxygen gas analyzer, was employed for the LOI
measurements. For MCC (MCC-1 (FTT)) test, milligrams of the aerogel samples were

heated to 700 °C at a heating rate of 1 °C/s in a stream of nitrogen (80 cm®min). The
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resulting volatile anaerobic thermal degradation products are mixed with 80 cm®min
carrying gas (nitrogen of 80 mL/min; oxygen of 20 mL/min) and subsequently burned at

900 °C in a combustion furnace.

4.4. Results and Discussion

PLLA is known to form thermoreversible gels in solvents such as DMF, THF,
cyclopentanone, etc. by TIPS.?22 However, there are barely any reports on the aerogels
of PLLA prepared from such thermoreversible gels, which may be due to the difficulty in
extracting organic solvents from the PLLA gels without the structural disintegration.
Nowadays, freeze-drying has become a popular method for solvent extraction from
polymer gels, particularly due to the introduction of the solvent exchange process. With
solvent exchange, organic solvents from the gels can be easily replaced with water, and
the resulting hydrogels can be converted into aerogels by freeze-drying without much
difficulty. In the previous chapter, we successfully employed solvent exchange and
freeze-drying methods to fabricate PLLA, PDLA and SC aerogels. Herein, we have used
a modified solvent exchange technique to prepare flame retardant PLLA aerogels. As
described in the experimental part, PLLA/DMF gels were prepared initially. Instead of
water, aqueous solutions of CS, SA, or PA were used as solvent exchange media. CS
contains numerous primary amino groups, which are polarisable in aqueous acidic
medium and render cationic nature to CS. SA is anionic due to the carboxylate and
hydroxyl groups present; so is PA because of its multiple phosphate groups.

By changing the order in which different molecules are assembled on PLLA, i.e.,
by changing the order of solvent exchange, different samples were prepared. Figure 4.1
illustrates the LbL assembly in PLLA-SA-CS-PA gel achieved by the modified solvent
exchange method. Here, the electrostatic/ionic interactions between the oppositely

charged molecules play the major role of holding them one over the other. In other words,
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ionic interactions stabilize the LbL assembly by providing enough interaction strength
between the guest molecules. However, PLLA does not possess sites for ionic bonding.
Therefore, the interaction between PLLA and the first layer molecule (SA in the case of
PLLA-SA-CS-PA) is brought about by hydrogen bonding, as shown in Figure 4.1.
Different aerogel samples were prepared in this study and the corresponding densities are
provided in Table 4.1. After the modification process, the densities of all the aerogels
increased, which is a direct evidence of the successful incorporation of biobased
molecules into the PLLA gel during the solvent exchange. It has to be noted that there
was slight volume shrinkage to the PLLA gels during the solvent exchange, and the
extent of shrinkage increased with each immersion step. This is attributed to the osmotic
pressure of the exchange media and the resultant capillary forces.*® However, there was
no shrinkage to the hydrogels during the freeze-drying, which is a clear indication of the
fact that the 3D solid framework of the gels did not lose the mechanical strength even
after the modification. Among the prepared aerogels, PLLA-SA-CS-PA aerogel exhibited
the highest density, i.e., greater fractions of guest molecules got loaded into the PLLA-
SA-CS-PA gel during the solvent exchange. The key to the effective incorporation of
guest molecules into the PLLA gel is the interaction between PLLA and the first layer
(SA in this case). In all other samples, either CS or PA interacts with PLLA. Looking at
the densities, we have to infer that the hydrogen bonding interactions between PLLA and
SA are much more effective than that between PLLA and CS/PA in the gels. As the
PLLA-CS or PLLA-PA interactions are weaker, less amounts of CS or PA are getting
integrated into the PLLA structure, allowing lesser electrostatic interaction sites for the

subsequent molecular assembly.
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Figure 4.1. Schematic illustration of LbL assembly of SA, CS, and PA onto the PLLA
thermoreversible gel brought about by modified solvent exchange method (the possible

interactions between various molecules are also shown).

Table 4.1. Density and water contact angle of various aerogels prepared in this study.

Samples Density | Water Contact Angle
(g em?) )
PLLA 0.08 130+ 2
PLLA-CS-PA-CS 0.10 108 £ 2
PLLA-CS-SA-CS 0.09 123+2
PLLA-PA-CS-SA 0.09 106 £ 2
PLLA-SA-CS-PA 0.13 99+2

The morphologies of neat and modified PLLA aerogels are shown in the SEM
images (Figure 4.2) and the corresponding insets show their photographic images. Figure
4.2a shows the typical interconnected fibrillar network morphology of neat PLLA
aerogel. Such morphology is retained in PLLA aerogels even after the incorporation of
guest molecules (Figure 4.2(b-€)). The fibers were smooth in the neat PLLA aerogel,
whereas, the fiber surface developed a certain level of roughness after the modification.
As shown in Figure 4.2e, the fibers became increasingly dense and the fiber thickness was
maximum in the PLLA-SA-CS-PA aerogel. This further confirms the excellent PLLA-SA

interactions and the successful LbL assembly of SA-CS-PA in PLLA aerogel. With the
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introduction of hydrophilic moieties (SA, CS and PA) into the hydrophobic PLLA
substrate (WCA ~ 132 + 2°), however, the WCA of the aerogels got diminished (Table
4.1). PLLA-SA-CS-PA aerogel showed the lowest WCA among the prepared aerogels but

was still hydrophobic in nature. The reduction in the hydrophobicity of PLLA aerogels is

yet another evidence for effective LbL coatings.

Figure 4.2. SEM images of various aerogel samples. (a) PLLA, (b) PLLA-CS-PA-CS, (c)
PLLA-CS-SA-CS, (d) PLLA-PA-CS-SA, and (e) PLLA-SA-CS-PA aerogels.

Corresponding insets show the photographic images of the aerogels.

In order to probe the elemental composition, energy dispersive spectroscopy
(EDS) analysis of the aerogels was carried out. Figure 4.3 shows the ED spectra of neat
PLLA and PLLA-SA-CS-PA aerogels and the corresponding data are given in the inset
tables. Neat PLLA aerogel shows the characteristic bands of C and O only. Whereas,
PLLA-SA-CS-PA aerogel exhibited bands corresponding to P and N, in addition to C and
O bands. P and N contents were fairly high after the modification process, which can be

really advantageous for flame retardancy.
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Carbon 40.54 49.30

Carbon 52.36 59.42

Oxygen  47.64 40.58 Oxygen 48.88 44.62

Phosphorous 868 4.09
Nitrogen 1.90 1.98

Figure 4.3. EDS spectra of (a) PLLA and (b) PLLA-SA-CS-PA aerogels.

The neat PLLA aerogel and the modified aerogels exhibited almost similar
WAXD patterns with diffraction peaks only corresponding to PLLA crystal planes, as
shown in Figure 4.4a. This is an indirect evidence for the homogeneous and uniform
coating of guest molecules on the PLLA structure. Uneven coating or agglomeration of
any of the ionic molecules would have resulted in other WAXD peaks corresponding to
CS/SA/PA. The carbonyl stretching region in the FTIR spectra (Figure 4.4b) of the
aerogels provides enough evidence for the effective hydrogen bonding interaction
between PLLA and the first layer molecule. The absorption band corresponding to the
C=0 stretching lies at 1758 cm™ in the case of neat PLLA aerogel. Whereas, after the
LbL assembly, there is a red shift in the C=0 stretching frequency in all the aerogels. This
is particularly prominent in PLLA-SA-CS-PA aerogel, where the frequency shifted to
1755 cm™®. The current observation validates our previous hypothesis that PLLA and SA
possess strong interactive forces between them. As seen in Figure 4.4c, there is a new
peak at 1650 cm™ in the PLLA-SA-CS-PA aerogel, which corresponds to the carboxylate
of SA and amide | of CS. Also, the peak at 489 cm™ is characteristic of O-P-O bending.
All these absorption bands provide further proof for the effective LbL assembly on the

PLLA matrix.
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Figure 4.4. (a) WAXD patterns of various aerogels. FTIR spectra of various aerogels in

the (b) carbonyl frequency range, and (c) range of 400-1800 cm™.

Thermal properties of all the aerogels were studied using TGA in the nitrogen
atmosphere and the results are summarized in Table 4.2. The onset of degradation of neat
PLLA aerogel is ~280 °C and it decomposes completely in a single step, as shown in
Figure 4.5a. However, the modified aerogels undergo multistep degradation process, due
to the different degradation behavior of their constituent components (Figure 4.5b). The
initial weight loss below 100 °C corresponds to the removal of moisture absorbed by the
incorporated hydrophilic molecules. Since PLLA-SA-CS-PA aerogel has a higher fraction
of guest molecules loaded, it showed almost 10 % moisture loss. In PLLA-CS-SA-CS and
PLLA-PA-CS-SA aerogels, CS catalyzed the early degradation of PLLA, which resulted
in the significant reduction of their thermal stability (Tsoe). Char residues were also very
low. But in the case of PLLA-SA-CS-PA aerogel, the PLLA backbone decomposition
was slightly delayed. Good thermal stability (similar to neat PLLA aerogel) and high char
yield were obtained for PLLA-SA-CS-PA aerogel; the latter is highly beneficial for flame

retardancy.
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Figure 4.5. TGA thermograms of (a) all the aerogels prepared in this study and (b) bulk

PLLA, SA, CS and PA.

Table 4.2. Thermal properties of aerogels quantified from TGA.

Samples T10% Ts0% Tinax Residue
(°C) (°C) ) (%)
PLLA 293 327 354 1
PLLA-CS-PA-CS 310 347 373 4
PLLA-CS-SA-CS 226 276 315 4
PLLA-PA-CS-SA 232 264 288 6
PLLA-SA-CS-PA 80 331 456 19

LOI measurements were performed for the preliminary understanding of the
flammability characteristics of various aerogel samples. LOI is the minimum
concentration of oxygen in the atmosphere that is required to sustain the combustion of a
sample after ignition? and the LOI test results are provided in Table 4.3. Neat PLLA
aerogel is highly flammable with LOI value of 18.8 + 0.2 %. The solvent exchange
induced LbL assembly of biobased molecules on PLLA has definitely modified the
flammability properties of PLLA aerogels. The LOI values of PLLA aerogels increased
after the modification process. As expected from the char residues, PLLA-SA-CS-PA
aerogel recorded the highest value among all the aerogels. LOI as high as 32.6 £ 0.6 %

was obtained, which is the highest value ever reported for a PLA based aerogel/foam. The
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horizontal burning tests conducted on the aerogels are in good agreement with the LOI
results. On exposure to a butane flame, neat PLLA aerogel caught fire immediately and
burned vigorously with dripping of flammable particles, even after the removal of flame
source (Figure 4.7a). But, the modified aerogels formed carbonaceous char layers at once
on the point of contact of the flame. The carbonaceous char layer was particularly highly
intense for PLLA-SA-CS-PA aerogel and the flame self-extinguished within no time
(Figure 4.6a). The char layer formed acts as a protective layer by isolating the underlying
PLLA from the flame and preventing the heat transfer, thus resulting in excellent flame
retardancy. The strong interaction between PLLA and SA and the effective LbL assembly
of SA, CS, and PA (induced by the electrostatic interactions) resulted in the high loading
of P and N rich moieties in the PLLA-SA-CS-PA aerogel. CS and SA with
polysaccharide rings and enormous hydroxyl groups act as char agents in the flame
retardancy mechanism. The phosphate groups of PA enhance the carbonization capability
of CS and SA and further reinforce the protective char layer. It is this synergy between
SA, CS and PA which imparts anti-fire properties to the PLLA aerogel.

For the quantitative estimation of the flammability characteristics of the aerogels,
MCC analysis was carried out. The important parameters obtained from this method are
the heat release rate (HRR) and total heat release (THR), and their estimation is based on
oxygen consumption during the burning process. HRR is the prime property to be
considered in this context, since the rate at which heat is released by a material during
burning can significantly contribute to the fire growth and its spreading.?® Other
parameters such as heat release capacity (HRC), peak heat release rate (PHRR), and time
to peak heat release rate (TTPHRR) can also be obtained, which are listed in Table 4.3.
Figure 4.6b shows the HRR curves of neat and modified PLLA aerogels as a function of

temperature. As seen, the neat PLLA aerogel has a sharp HRR curve with a peak value of




100 Chapter 4

472 WI/g. In the case of modified aerogels, PHRR values reduced drastically and the HRR
curves broadened. The best results were obtained for PLLA-SA-CS-PA aerogel,
tremendous reduction in PHRR from 472 to 132 W/g, HRC from 492 to 144 J/gK, and
THR from 18.4 to 6.6 kJ/g was observed, which is in good agreement with the LOI and
UL94 test results. Thus, it has been proved that the strategy adopted in this work renders
PLLA aerogels with excellent flame retardancy. This concept is not limited to just PLLA
thermoreversible gels; it can also be applied to various other semicrystalline polymers for
their flame retardant modification, provided they form thermoreversible gels in organic

solvents.

Table 4.3. Flammability parameters of aerogels estimated from LOI and MCC tests.

Samples LOI PHRR [ TTPHRR| THR HRC

(%) (W/g) (s) (kd/g) (J/gK)
PLLA 188+02 | 472 366 18.4 492
PLLA-CS-PA-CS | 240+03 | 301 359 145 337
PLLA-CS-SA-CS | 21404 | 264 321 15.6 306
PLLA-PA-CS-SA | 234+02 | 341 328 17.8 415
PLLA-SA-CS-PA | 32.6 £0.6 | 132 328 6.6 144
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Figure 4.6. (a) Photographs showing the burning behavior of neat PLLA and PLLA-SA-
CS-PA aerogels during the horizontal burning tests. (b) HRR curves of the aerogels as a

function of temperature obtained from MCC tests.
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4.5. Conclusions

In summary, we developed a sustainable and novel strategy for the flame retardant
modification of PLLA aerogels using biobased molecules by integrating solvent exchange
and LbL assembly methods in one place. PLLA thermoreversible gels were solvent
exchanged with aqueous solutions of SA, CS and PA step by step in different sequential
orders and the resultant hydrogels were freeze-dried to obtain flame retardant aerogels.
Here, the hydrogen bonding between PLLA and the guest molecules and the ionic
interactions between the guest molecules play a crucial role in obtaining stable LbL
coating. The biobased molecules got evenly coated over the fibrillar structures of the
aerogels and high loadings were obtained. The guest molecules were rich in N and P and
acted as char forming flame retardants to furnish excellent anti-fire properties to the
aerogels. The PLLA-SA-CS-PA aerogel showed the highest flame retardancy with LOI as
high as ~ 32 % and HRR as low as 132 W/g. These aerogels could self-extinguish the
flame in less than a second. The whole process can be visualized as a general protocol for
the modification of aerogels of semicrystalline polymers which are capable of forming
thermoreversible gels in organic solvents. Therefore, it is possible to enhance the flame

retardancy of PDLA, SC, PHB and even sPS aerogels using this method.
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5.1. Abstract

The demand for sustainable materials has risen enormously in many applications
due to the enhanced global awareness of environmental safety and protection. When it
comes to structural and functional materials, tough and mechanically robust lightweight
materials derived from renewable resources and/or by environmentally benign processes
seem to be the way forward. Biodegradable aerogels with flexibility and high strength are
attractive for construction, acoustic and thermal insulation, but are seriously plagued by
their flammability. Improving the flame retardancy of these aerogels has been a hot topic
of research and inorganic fillers and layered materials have been widely used for this
purpose. However, the poor interfacial compatibility of these fillers has affected the
processability and mechanical properties of the aerogels and reduced their overall
performance. In this study, we have used a completely organic and sustainable
polyelectrolyte complex (PEC) as filler for fabricating mechanically strong, sound
absorbing and flame retardant polyvinyl alcohol (PVA) aerogels with the aid of an
environmentally-friendly freeze-drying method. The non-covalent interactions between
the polymer and filler ensured excellent compatibility as well as interfacial adhesion of
the filler, and we could achieve a perfect balance between the density and mechanical
properties of the aerogels. The prepared aerogels exhibited flexibility, good sound
absorption ability in the mid-frequency range and excellent flame-retardancy (LOI ~ 28
%) with self-extinguishing behavior. A simple silane modification endowed sticky
hydrophobicity to the aerogels and further enhanced their anti-fire properties. These
sustainable multifunctional aerogels could find a plethora of applications in real life,

particularly in buildings and structures as fire-safety materials and sound insulators.
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5.2. Introduction

Biodegradable/biopolymer-based aerogels have growing demand in various fields
of application such as thermal and acoustic insulation,® electronics,'* etc., thanks to
their superior mechanical properties over conventional inorganic aerogels and
sustainability. Polyvinyl alcohol (PVA) is another commercially important and successful
polymer, which is a formidable candidate for the preparation of aerogels owing to its low
cost, high solubility in water and good mechanical properties. Its biodegradable,
biocompatible and non-toxic nature makes it an even more versatile polymer.
Environmentally-benign aerogels based on PVA have been developed in recent times
using freeze-drying technology.®™*" However, similar to many other organic polymers,
the limiting factors of pristine PVA are the high flammability (LOI ~19.8 %) and super-
hydrophilicity induced by its organic skeleton composed of plenty of hydroxyl groups,
and this restricts the feasibility of PVA in many practical applications.

Extensive research has been done in improving the flame retardant properties of
PVA aerogels, especially by incorporating inorganic fillers like clay, ammonium
polyphosphate (APP), etc., into the polymer matrix to fabricate organic/inorganic
composite aerogels.*”"?° Schiraldi and co-workers have developed a series of additives for
PVA aerogels to improve flame retardant and other properties.?*?* For example, APP
modified with piperazine was used as an intumescent flame retardant in the PVA-
montmorillonite aerogel system to demonstrate the improved flame retardancy.?® The
same group introduced another approach towards the development of flame retardant
aerogels by growing a conformal silica coating onto the PVA aerogel. Further, they did a
fluorocarbon silane treatment, which furnished durable superhydrophobic aerogels.?® The
synergistic effect of two-dimensional layered nanomaterials such as a-zirconium

phosphate, MXene and boron nitride nanosheets with APP was well utilized to enhance
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the fire safety of PVA aerogels.?’?® However, the poor interfacial compatibility of
inorganic additives often leads to poor mechanical properties and durability. In addition,
high loadings of inorganic additives to achieve the satisfactory flame retardancy of PVA
can negatively affect aerogel formation. Due to these reasons, reactive flame retardants
attracted the attention of researchers as they preserve the mechanical properties of
polymer aerogels and afford satisfactory flame retardancy. Shang et al. fabricated flame
retardant PVA aerogels with high mechanical and dimensional stability without the aid of
any inorganic species by chemical cross-linking with melamine-formaldehyde.* But the
potential toxicity of melamine and formaldehyde can cause danger to humans as well as
the environment. Therefore, alternative materials or methods are vital for the preparation

of sustainable and eco-friendly PVA-based aerogels with enhanced overall properties.

Recently, there have been reports on polyelectrolyte complexes (PECs) as flame
retardant additives for polymers and their composites.®3®* PECs are a family of
multicomponent polymeric materials formed by the ionic interactions between oppositely
charged polyions. Usually, water-soluble polycations and/or polyanions have been
utilized for the synthesis of PECs without the aid of cross-linking agents or catalysts.3¢-%
At the industrial scale, PECs are used as flocculants for wastewater treatment, dewatering
agents in papermaking, additives in detergents and cosmetics, and binders in the
pharmaceutical industry.®® 3" Zhang et al. demonstrated the applicability of PEC on
ethylene-vinyl acetate copolymer as a green intumescent flame retardant.3* A water-
soluble poly(allylamine)-polyphosphate PEC that can extinguish flame was coated onto
polyester-cotton fabric by Grunlan and co-workers, and the resultant coating was wash
durable.®® In another work, flame-retardant epoxy resins were prepared using

poly(diallyldimethylammonium) and polyphosphate PEC.*® However, to the best of our
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knowledge, PECs have never been applied to polymeric aerogel systems, albeit their huge
potential to boost aerogel properties.

In this chapter, we fabricated PVA based aerogels that are strong, flame retardant,
hydrophobic, flexible and sound-absorbing. Herein, we have blended biosourced PECs
into the PVA matrix to prepare a fully organic flame retardant polymer aerogel. PEC is
synthesized from chitosan (CS), a cationic biopolymer and phytic acid (PA), a
phosphorus-rich anionic molecule obtained from bioresources. Abundant hydroxyl groups
in PVA enable a strong interfacial adhesion of PECs through hydrogen bonding.
Furthermore, the addition of PEC did not alter the low-density behavior of aerogels. The
hybrid aerogels’ microstructure, compression properties, thermal stability, and acoustic
properties were characterized and compared with neat PVA aerogel. The highly
hydrophilic aerogels are further converted into hydrophobic (water contact angle over
136°) using a commercial silane by a simple chemical vapor deposition (CVD). Before
and after the hydrophobic modification, the aerogels were characterized for flammability
using UL94, LOI and microscale combustion calorimetry (MCC), and the possible flame
retardant mechanism was discussed. The aerogels prepared in this study can find

applications as structural materials for buildings and as acoustic insulators.

5.3. Experimental Section
5.3.1. Materials

PVA (Mw ~ 89000-98000, 99% hydrolyzed), chitosan (low molecular weight,
degree of deacetylation > 75%), phytic acid sodium salt hydrate (from rice) and
methyltrichlorosilane (99%) were purchased from Sigma-Aldrich Co. and used without

further purification. Hydrochloric acid and citric acid (CA) were obtained from Rankem

Chemicals and Merck India, respectively. Potassium carbonate (K>.COs3) was provided by
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Avra Synthesis Pvt. Ltd. Deionised (DI) water was used in the entire experimental

process.

5.3.2. Preparation of PEC

PEC was prepared by slightly modifying a reported procedure.3! Initially, 2 wt%
solution of CS was prepared by dissolving 4.07 g of CS powder in 200 mL of DI water
with the aid of 3 mL of 5M hydrochloric acid (HCI). The dissolution was done by stirring
at room temperature for 2 h and the pH of the resultant CS solution was 1.2.
Subsequently, excess PA solution (4 wt%) was also prepared in 200 mL of DI water by
dissolving 8.3 g of phytic acid sodium salt hydrate at room temperature by mechanical
stirring. The pH of the PA solution was adjusted to 1.5 using 5M HCI. Then, this solution
was added dropwise to the CS solution with vigorous stirring to yield a white precipitate.
After complete precipitation, the solution was stirred overnight and the precipitate was
allowed to settle down. The white precipitate was then collected by filtration and washed
several times with DI water before drying in the hot air oven first, followed by vacuum
drying at 60 °C for 24 h. The dried precipitate, which was yellowish in color, was ground

to a fine powder and stored in a vacuum desiccator for further use.

5.3.3. Preparation of PVA-PEC Aerogels

5 wt% PVA solutions were used for the preparation of PVA-based aerogels. In a
typical preparation procedure, 1 g of PVA powder was dissolved in 15 mL of DI water by
mechanical stirring at 90 °C for 2 h. The required amount of powder PEC was taken in a
separate container with 5 mL of DI water and sonicated for 30 min. The PEC dispersion
was added to the PVA solution with constant stirring, and subsequently, 0.2 g of CA was
added to the PVA-PEC mixture. The stirring was continued for 2 h at 90 °C. Then, the

homogeneous solution was transferred to a plastic mold and immediately frozen in a




Flame Retardant Polyvinyl Alcohol Aerogels 111

liquid nitrogen bath. The frozen sample was subjected to freeze-drying to obtain the
required aerogel. The sample was named as PVA-XPEC, where x stands for the weight %
of PEC with respect to the total solid content of the sample. Composite aerogels
containing 5, 10, 20 and 30 % of PEC were prepared and stored in a vacuum desiccator at
room temperature for further use. A control sample was also prepared following the
above procedure, without the addition of PEC (neat PVA aerogel) for the purpose of

comparison.

5.3.4. Hydrophobic Surface Modification of PVA-PEC Aerogels

A chemical vapor deposition (CVD) technique was employed to modify the
aerogel surfaces.** Briefly, a saturated solution of K.COs; was kept open inside a
desiccator for 12 h to absorb the moisture and maintain a constant relative humidity.
Later, another open vial with 1 mL of methyltrichlorosilane was introduced into the
desiccator along with the aerogel samples. The desiccator was sealed and kept in the hot
air oven at 50 °C for 24 h, when silanization occurred. The silanized aerogels were then
placed in a vacuum oven at 50 °C for 24 h to remove the residual silane and HCI and
stored in a vacuum desiccator for further characterization. The surface-modified samples

were named as SilPVVA-xPEC.

5.3.5. Characterization

The apparent density of various aerogel samples was determined theoretically
from their mass/volume ratio. The elemental composition of powder PEC and monolithic
aerogels was obtained using PHI 5000 Versa Probe-Il Focus X-ray photoelectron
spectroscope (XPS) (purchased from ULVAC-PHI Inc., USA) equipped with
microfocused (200 um, 15 kV) monochromatic Al-Ka X-ray source (hv = 1486.6 ¢V).

Fourier transform infrared (FTIR) analysis was performed using a PerkinElmer Series
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FT-IR Spectrum Two machine at a resolution of 4 cm™ and 32 scans in the wavenumber
range of 4000-400 cm™. Wide-angle X-ray diffraction (WAXD) patterns of the aerogels
were acquired using XEUSS SAXS/WAXS system from Xenocs operated at 50 kV and
0.60 mA in the transmission mode using Cu Ka radiation (A = 1.54 A). Mar 345 image
plate system detected the 2D-patterns and the Fit2D software was used for data
processing. Differential scanning calorimetry (DSC) measurements were conducted with
an advanced research-grade modulated differential scanning calorimeter TA Q2000 under
nitrogen gas flow. The samples were heated from room temperature to 250 °C at a rate of
10 °C/min and then cooled back to room temperature at the same rate. Compression tests
were carried out on cylindrical aerogel samples (2:1 diameter to height ratio) in order to
evaluate their mechanical performance. Universal Testing Machine (Hounsfield, H5KS
UTM, Redhill, UK) with a crosshead speed of 1.5 mm/min was used for the same.
Thermal stability and thermal degradation behavior of all the PVA-based aerogels were
monitored using a thermogravimetric analyzer (TGA) TA Q50. The samples were heated
from room temperature to 600 °C at a rate of 10 °C/min under nitrogen atmosphere. The
acoustic performance of the prepared aerogels was evaluated by measuring the normal
incident sound absorption coefficients using a Briiel & Kjar impedance tube, type 4206
(Denmark). Cylindrical samples with a diameter ~29 mm and thickness ~15 mm were
measured in the frequency band from 300 to 6400 Hz via the two-microphone method. In
order to study the wetting behavior of the aerogels before and after the silane treatment,
water contact angles (WCA) of the samples were measured at room temperature using an
automated DSA30 Drop Shape Analyzer, KRUSS, Germany. For the preliminary analysis
of the flammability properties of the aerogels, horizontal burning tests were conducted
under laboratory conditions using a Bunsen burner with a butane flame. LOI was

measured for the aerogels using a Critical Oxygen Index Apparatus (as per ASTM
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D2863-08, ISO 4589) from Spectrum Automation and Controls coupled with Servomex
Servoflex MiniMP (United Kingdom), a high-performance oxygen gas analyzer. The
microscale combustion calorimetry (MCC) (MCC-1 (FTT)) was performed for the further
analysis of the flame retardant properties of the aerogels. Milligrams of the sample were
heated to 700 °C at a heating rate of 1 °C/s in a stream of nitrogen (80 cm®min). The
resulting volatile anaerobic thermal degradation products are mixed with 80 cm®min
carrying gas (nitrogen of 80 mL/min; oxygen of 20 mL/min) and subsequently burned at

900 °C in a combustion furnace.

5.4. Results and Discussion
5.4.1. Fully Organic Flame Retardant Fillers

Popular halogen-based fillers in flame retardancy are being abandoned across the
globe for the adverse environmental impacts they have generated in recent times. Clays
and many other inorganic materials have been successfully employed as eco-friendly
alternatives to halogenated anti-fire fillers. 8 2027 However, a completely organic filler
material has not gained much attention, particularly for aerogels, probably due to their
lower efficiency than their inorganic counterparts. Herein, the electrostatic and hydrogen
bonding interactions between CS and PA have been utilized to prepare a green water
insoluble additive, with the ultimate aim of fabricating polymer aerogels with enhanced
properties. CS with abundance of polarizable primary amino groups can effectively
interact with the phosphate groups of PA to form stable complexes. These complexes can
be considered as polyelectrolyte complexes and the schematic illustration of their
formation is given in Figure 5.1a. Briefly, to the freshly prepared aqueous acidic CS
solution, excess of PA sodium salt hydrate solution in water was added and immediate

precipitation occurred, as shown in Figure 5.1b. The as-obtained white precipitate was
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filtered, washed, vacuum dried and ground to obtain a fine powder with pale yellow color

(Figure 5.1b) and the PA/CS weight ratio in this complex is approximately 0.86:1.
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Figure 5.1. (a) Schematic illustration of the formation of PEC from CS and PA. (b)
Photographic images showing the precipitated (white) PEC and the PEC powder (pale

yellow) after the filtration, washing, drying and grinding processes.

The prepared PEC consists of carbon, oxygen, nitrogen and phosphorus elements,
whose approximate elemental composition was obtained from X-ray photoelectron
spectroscopy (XPS), as shown in the survey spectrum in Figure 5.2a. The percentages of
C, O, N and P elements in the PEC are approximately 48.4, 425, 4.9 and 4.2,
respectively. The successful ionic complexation reaction between CS and PA is
confirmed using FTIR analysis and the corresponding spectra are given in Figure 5.2b.
CS shows characteristic absorption bands approximately at 1650 (C=0 stretching (amide
1)), 1589 (N-H bending of primary amine) and 1560 (N-H bending (amide II)) cm™ and
PA has peaks at 1645 (O-P-O stretching) and 1185 (P=0 stretching) cm™. However, in
PEC, a new band appeared in place of the N-H bending peak at 1530 cm™, which is

ascribed to the protonated NH2 group (NHs") of CS in the presence of acid. Similarly, the
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band at 1042 cm™ in PEC corresponds to the stretching mode of (POs)>". Thus, the
oppositely charged functional groups can easily interact via ionic bonds in the organic
complex. Further confirmation of the interactions is obtained from high-resolution XPS
spectra and WAXD patterns given in Figures 5.2c and 5.2d, respectively. The bonds
corresponding to each peak in the XPS high-resolution C1s, O1s, N1s and P2p spectra of
PEC are well labelled in Figure 5.2c. The N1s spectrum was deconvoluted into two
peaks: 397.8 and 399.8 eV, corresponding to C-N and NHs* bonds, respectively. Also, the
deconvolution of P2p spectrum shows peaks corresponding to P=0O and P-O/(PO3)*"
bonds at 129.6 and 131.9 eV, respectively. The WAXD patterns (Figure 5.2d) show an
amorphous structure for PA with a broad peak between 15 - 35° and a semicrystalline
structure for CS with a sharp diffraction peak around 20°. The intensity of the crystalline
peak of CS reduced significantly in the PEC, which indicates the reduction in the degree
of crystallinity. Such a situation has arisen because of the interaction of PA with CS,
which resulted in the breakage of intramolecular hydrogen bonding interactions between
NH; and OH groups of CS.3!

Figure 5.2e shows the TGA thermograms of CS, PA and PEC under a nitrogen
atmosphere. The weight loss below 100 °C is due to the removal of the absorbed water.
PEC undergoes early degradation, about 60 °C earlier than CS and this phenomenon in
PEC is catalyzed by PA. Similarly, the maximum degradation temperature is also lower
in the case of PEC. However, the thermal degradation of PEC vyields significantly higher
char residue than CS. At 600 °C, the residual char yield for CS is 32 wt%, whereas it is 49
wt% for the PEC. The carbonization of CS got enhanced in the presence of PA, which is
advantageous when it comes to fire safety applications. Integrating a carbon-nitrogen
source like CS and a phosphorus-rich PA into a complex material could effectively

function as flame retardant additives for polymers.
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Figure 5.2. (a) XPS survey spectrum of PEC (inset shows the atomic % of various
elements of PEC). (b) FTIR spectra of PA, CS and PEC. (c) XPS high-resolution C1s,
Ols, N1s and P2p spectra of the PEC. The bonds corresponding to each peak are
labelled here. (d) WAXD patterns obtained for CS, PA and PEC. (e) TGA thermograms

under nitrogen atmosphere of PA, CS and PEC.

5.4.2. PEC Incorporated Polymer Aerogels

As mentioned in the Experimental Section, PVA aerogels were prepared with
different weight loadings of PEC, i.e., 5, 10, 20 and 30 wt% and a neat PVA aerogel
(without the addition of PEC) was also prepared for comparison. PVA is biodegradable
by nature and the entire synthesis (of both PEC and aerogel) was carried out in the water
as the only medium, making the whole process and the end-product environmentally-
friendly. The availability of plenty of reactive hydroxyl groups across the PVA surface
allows for the esterification between PVA and CA to form crosslinks between the
polymer chains.*? Sometimes, CA can react with the hydroxyl groups of PEC to form

crosslinks between PVA and PEC, but the probability of such an interaction is minimum.
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However, strong hydrogen bonding interactions are possible between PVA and PEC in
the water medium. The PVA-PEC hydrogels stabilized by both covalent as well as non-
covalent interactions were freeze-dried to remove the solvent and Figure 5.3 illustrates

the entire scheme of aerogel formation.

;LN PVA-PEC Gel PVA-EC Aerogel
. o

Freeze-drying
_—

PVA-10%PEC Aerogel

Figure 5.3. Schematic illustration of the formation of PVA-PEC aerogels along with the

photographic image of PVA-10%PEC aerogel.

The successful incorporation of PEC into the PVA matrix was further confirmed
from the XPS survey spectrum, as shown in Figure 5.4a. The approximate elemental
composition of neat PVA and PVA-30%PEC aerogels are C — 62.2 % & O — 37.8 % and
C-513%,0-443 %, N—-3.4% & P — 1.0 %, respectively. Figure 5.4b shows the
high-resolution C1s spectra of PVA-30%PEC and neat PVA aerogels. The intensity of the
C-C band decreased and that of the C-O band increased in the PVA-30%PEC aerogel
when compared with neat PVA aerogel. The addition of PEC to the polymer matrix
brought more oxygen containing moieties to the system and therefore, the oxygen content
in the PVA-PEC aerogel increased. Also, the peaks shifted to lower binding energies, i.e.,

from 284.6 to 283.3 eV for the C-C bond and 286.1 to 284.8 eV for the C-O bond
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indicating the reduction in bond strengths, which is evidence for PVA-PEC interactions.
A similar observation was made in the case of high-resolution O1s spectra also (Figure
5.4c). PEC dispersion in the aerogel is so excellent that clear peaks were obtained for
PVA-30%PEC aerogel in the high-resolution N1s and P2p spectra (Figure 5.4d). WAXD
patterns in Figure 5.4e further exemplify the compatibility between PVA and PEC. The
X-ray diffraction peak corresponding to the PEC at lower 20 (~ 5°) is not visible in the
WAXD patterns of PVA-PEC aerogels till 20 wt% loading. However, at 30 wt% PEC
loading, the lower angle peak (~ 5°) started to come up in the aerogel, which is an
indication of the aggregation of PEC. Hence, we can conclude that even at high loadings

of PEC, excellent miscibility between PVA and PEC was achieved.

PVA-30%PEC
@) 1 (b) PVA-30%PEC co (c)
.-cC -
C-N/C=0
O1s e P-O
Nis . . . . . ; . . . . )

® P2p 290 288 286 284 282 280 536 534 532 530 528
© PVA aerogel PVA Aerogel

PVA aerogel C.Q . . c-c co.

”"L._-—-'w - c=0 ) “\ /- .c=0

PVA-30%PEC e I 0 \__ -

1000 800 600 400 200 290 288 286 284 282 280 536 534 532 530 528

Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
PEC
(e) —— PVA aerogel

— PVA-5%PEC

— PVA-10%PEC
— PVA-20%PEC
— PVA-30%PEC

N A~ ]
=

— .
138 136 134 132 130 128 5 10 15 20 25 30 35
Binding Energy (eV) 20 (deg.)

406 404 402 400 398 396 394
Binding Energy (eV)

Intensity (a.u.)

PVA-30%PEC

Figure 5.4. XPS (a) survey spectra, (b) high-resolution C1s spectra, (c) high-resolution
O1s spectra and (d) high-resolution N1s and P2p spectra of PEC, PVA aerogel and PVA-
30%PEC aerogels. () WAXD patterns of PEC, pure PVA aerogel and PVA-PEC

aerogels.
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FTIR spectra of neat PVA and PVA-20%PEC aerogels have been compared in
Figures 5.5a and 5.5b. The peak at 1716 cm™ confirms the successful esterification
between PVA and CA as this peak can be assigned to the carbonyl of -COO- group.*
The intensity of the 1716 cm™ peak is low in the PVA-PEC aerogel due to the presence of
other reactive organic moieties, which further confirms the abovementioned point. There
are possibilities for the reactive amino groups in CS to form amide linkages with CA, but
the intense peak at 1540 cm™ in PVA-20%PEC aerogel corresponding to the NHs* group
ensures that such a linkage is not present in the PVA-PEC system. The peak at 1032 cm
corresponding to the (PO3)? stretching confirms the ionic complexation between CS and
PA even in the PVA-PEC aerogel. The IR absorption band at 1635 cm™ is a combination
of carbonyl (Amide I) and O—P-O stretching vibrations of PEC and hence, is absent in
PVA aerogel. The —C—O stretching peak (1091 cm™) of PVA has been shifted to a lower
wavenumber, i.e., 1065 cm™ in PVA-PEC aerogel, which may be due to the hydrogen

bonds formed between the free hydroxyl groups of PVA and PEC.
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Figure 5.5. FTIR spectra of PVA and PVA-20%PEC aerogels in the range of (a) 700-

1900 cm™ and (b) 2500-3800 cm.

In Figure 5.5b, the PVA aerogel shows a single broad absorption band at around
3298 cm™ and this peak is assigned to the hydroxyl stretching vibration. Whereas in the

case of PVA-20%PEC, this peak has shifted to 3280 cm™ pertaining to the enhanced
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hydrogen bonding interaction between PVA and PEC. The decrease in the intensity of —
CH, asymmetric (2940 cm™) and symmetric (2907 cm™) stretching vibrations in PVA-
PEC aerogel also confirms the successful incorporation of PEC into the PVA matrix.
Figures 5.6a & 5.6b show the DSC first heating and cooling curves, respectively, of neat
PVA and PVA-PEC aerogels with different PEC loadings. In the first heating curves, the
broad endotherms around 80 °C are due to the evaporation of moisture absorbed by the
samples. The melting temperatures were more or less the same (~ 230 °C) for all the
samples. But it is worth mentioning here that, during cooling from the melt, neat PVA
aerogel undergoes crystallization at around 210 °C and such melt crystallizations were
absent in all other samples (PVA-PEC aerogels). With the addition of PEC to the PVA
matrix, PVA chains are unable to reorganize into crystallites due to the strong interactions
induced by the PEC. This observation also indicates the fact that crosslinking interactions

(covalent and non-covalent) are persisting within the PVA-PEC aerogels.
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Figure 5.6. DSC thermograms (a) first heating and (b) cooling curves of PVA aerogel

and PVA-PEC aerogels with different PEC loadings.

Aerogels were prepared using 5 wt% PVA solutions and the PEC loading was
calculated with respect to the dry weight of the polymer. All the aerogel samples
exhibited relatively low density ranging from 0.055 to 0.069 g/cm?®. The density of neat

PVA aerogel was 0.055 g/cm?® and the addition of PEC resulted in only a slight increase




Flame Retardant Polyvinyl Alcohol Aerogels 121

in density; for 20 wt% PEC loading, the density is ~0.06 g/cm®. This indicates the
lightweight nature of the prepared aerogels. Interestingly, these aerogels were highly
flexible and could be made in or cut into any shape (Figure 5.7a). However, during
compression experiments, these aerogels exhibited an irreversible buckling behavior and
were converted to dense solids without any disintegration of the samples, similar to
syndiotactic polystyrene aerogels.® ** Figure 5.7b gives the compressive stress-strain
curves for neat PVA and PVA-PEC aerogels and their deformation behavior is similar to
that of a typical honey-comb like open-cell foam.>® The compressive moduli of the
samples were calculated from the slope of the linear elastic region of the stress-strain
curves and are tabulated in Table 5.1. As observed in Figure 5.7b, the compressive
strength of PVA aerogels is enhanced with the incorporation of PEC. The compression
modulus increased to 1.55 MPa in PVA-20%PEC aerogel as compared to 0.45 MPa of
neat PVA aerogel. This is mainly attributed to the strong interaction as well as the
excellent miscibility between PVA and PEC in the aerogel system. However, on further
increasing the PEC content (30 %), the compression modulus dropped down to 0.67 MPa,
which may be due to the structural instability induced by the agglomeration of PEC
particles, as indicated earlier in the WAXD pattern of PVA-30%PEC aerogel (Figure
5.4e). At 30 % PEC loading, the PVA concentration is not enough to uniformly bind the
PEC particles within the matrix, which resulted in the agglomeration. Higher loadings of
inorganic additives such as clay, silica, etc., can sometimes better enhance the
compression strength of PVA-based aerogels, but at the expense of the low-density
nature.?? 2 %4 |n this work, we could obtain an excellent balance between the density and

mechanical strength of aerogels, which is not so easy to attain.
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Figure 5.7. (a) Photographs showing the flexible nature of PVA-PEC aerogels and PVA-
PEC aerogel prepared in the shape of alphabets. (b) Compressive stress-strain curves of

PVA and PVA-PEC aerogels.

The surface morphologies of PVA and PVA-PEC aerogels with different PEC
concentrations are shown in Figure 5.8. Figures 5.8a, 5.8b, 5.8c and 5.8d corresponds to
PVA aerogel, PVA-10%PEC, PVA-20%PEC and PVA-30%PEC, respectively. The SEM
images revealed that all the aerogels have a layered structure that accompanied the ice
crystal growth direction. With the incorporation of PEC, the distance between the PVA
layers has changed slightly and as shown in the magnified images, the pore size and
distribution were also modified. The ice template method allows the polymer chains as
well as the fillers to concentrate at the grain boundaries of the ice crystals?® and therefore,
the morphology remained more or less similar in all the samples and it could be assumed
that PECs remain on the PVA layers. The neat PVA aerogel is extremely hydrophilic,
thanks to the chemical structure of PVA with enormous surface OH functional groups and
we could not measure the water contact angle (WCA) as the water droplets were not
stable on the surface. Upon contact with the surface, the droplets were immediately

absorbed by the PVA aerogel. Whereas, when PEC was introduced into the system, the
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WCA of the aerogels improved slightly, as shown in the insets of Figure 5.8. The WCA
values obtained for aerogels with 5, 10, 20 and 30 % PEC loadings were 27.2, 26.9, 29.4
and 27.1° (£ 1.5°), respectively. This might be due to the reduction in the number of free
surface hydroxyl groups on PVA-PEC aerogels in comparison with pure PVA aerogel
because of the extensive hydrogen bonding interactions. All these aerogels are highly
moisture sensitive and can absorb moisture from the surroundings. Therefore, the

aerogels were stored in a desiccator for further characterization.

Figure 5.8. SEM images of various aerogel samples. (a) PVA, (b) PVA-10%PEC, (c)
PVA-20%PEC and (d) PVA-30%PEC aerogels. Corresponding insets show the magnified
SEM images and images of the water droplets on the aerogel surfaces and their contact

angles.

The thermal degradation behavior and the thermal stability of PVA-PEC aerogels
were investigated in nitrogen atmosphere using TGA and the results are given in Figure

5.9a and Table 5.1. Tio%, Tso% and Tmax are the temperatures at which 10 %, 50 % and
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maximum weight loss occur, respectively. In all the samples, almost 10 % of the weight
was lost below 100 °C due to the removal of the absorbed moisture, which indicates the
moisture sensitivity of the prepared aerogels. Apart from the initial water loss, the
degradation of neat PVA aerogel occurs in two stages, as shown by the two weight loss
steps. The first step is the decomposition of the hydroxyl groups of PVA, which occurs in
a temperature range of 220-350 °C. The polymer backbone decomposition takes place at
the later stage, beyond 350 °C. However, in the case of PVA-PEC aerogels, PEC
catalyzed the early degradation of PVA. The weight loss starting at ~ 200 °C in PVA-
PEC aerogels is a combination of PEC decomposition and the PVA dehydroxylation
catalyzed by the phosphorus containing moieties from PEC. After the incorporation of
PEC, the thermal stability of the aerogels enhanced significantly, as evident from the Tsoe
values. Tso increased from 281 °C for neat PVA aerogel to 348, 330, 331 and 381 °C for
PVA-5%PEC, PVA-10%PEC, PVA-20%PEC and PVA-30%PEC aerogels, respectively,
i.e., nearly 100 °C enhancement upon addition of 30% PEC. The char residue also
increased with the increase in PEC content, from 4 % (neat PVA aerogel) to 33 % (PVA-
30%PEC aerogel). This indicates the better char forming ability of PVA-PEC aerogels
when compared with neat PVA aerogel at higher temperatures. Thus, we can conclude
that the introduction of PEC (rich in N, P and C elements) into the PVA matrix can
substantially enhance the thermal stability of the aerogels and induce greater
carbonaceous char residues, which may act as a protective layer during the combustion of
the aerogels.

The porous structure of PVA-based aerogels renders good sound absorption
capability to them. In Figure 5.9b, the normal incident sound absorption coefficients of
various aerogel samples are plotted as a function of frequency and all the samples

exhibited good absorption coefficients in the mid-frequency range. Neat PVA aerogel
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absorbed more than 80 % of the incident sound waves consistently between 2400-3100
Hz with a maximum of 94 % at around 2700 Hz. The incorporation of PEC did not alter
the general absorption characteristic of the PVA aerogel, though slight differences are
observable in the case of PVA-20%PEC and PVA-30%PEC aerogels. In PVA-30%PEC
aerogel, the maximum absorption shifted slightly to the higher frequency side (3000-3500
Hz), whereas it shifted to lower frequencies for PVA-20%PEC aerogel. The curve of
PVA-10%PEC aerogel is almost superimposed with that of neat PVA aerogel. The
similarity in the morphology of neat PVA and PEC incorporated PVA aerogels (due to
the ice templating) contributes to the similar trend in their sound absorption. The efficient
absorption of sound waves in the mid-frequency range by these highly porous monoliths
can be attributed to the tortuosity in the sound propagation path and multiple internal
reflections at the cell walls generated by the highly porous network structure, which

effectively attenuate the sound waves.> 54
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Figure 5.9. (a) TGA thermograms of PVA and PVA-PEC aerogels obtained at a heating
rate of 10 °C/min. (b) Normal incident sound absorption coefficients of PVA and PVA-

PEC aerogels in the frequency range of 1700-3600 Hz.
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Table 5.1. Mechanical and thermal properties of various aerogels prepared in this study.

Samples Density | Compression T, o0 Ty, T Residue
om’) | Moy | o) | eo) | O
PVA aerogel 0.055 0.45 241 281 465 4
PVA-10%PEC 0.057 1.24 204 330 452 11
PVA-20%PEC 0.060 1.55 166 331 456 18
PVA-30%PEC 0.069 0.67 201 384 450 33

5.4.3. Combustion Behavior

Horizontal burning tests and limiting oxygen index (LOI) measurements were carried
out for the preliminary estimation of the flame retardant behavior of the prepared
aerogels. The results of LOI test are provided in Table 5.2. Figure 5.10 shows the results
of the horizontal burning tests conducted on each sample. The LOI value obtained for
neat PVA aerogel was ~ 19.6 % and it increased with the increase in PEC content in
PVA-PEC aerogels; the maximum value obtained is ~ 28 % at 30% PEC loading. As
shown in Figure 5.10, PVA aerogel readily catches fire (within 2 s) and continues to burn
vigorously even after removing the flame source. In addition, it shows dripping of
particles which are further inflammable and the 8 cm long sample completely burned
down within 140 s leaving behind a black residue. PEC has definitely modified the
flammability behavior of PVA aerogels. PVA-10%PEC aerogel took 12 s to catch fire on
ignition with a butane flame and it was able to self-extinguish the fire in 100 s. Half of the
sample was burned before the fire extinguishment and no melt dripping was observed.
Flame retardancy of the aerogels got better and better with the increase of PEC content.
The time taken to ignition for PVA-20%PEC aerogel was 15 s and the flame got
extinguished itself in 15 s. The best result was obtained for PVA-30%PEC aerogel, for

which the time to ignition was 32 s and the time to extinguish was 10 s. Hardly any
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sample got burned, i.e., the sample remained intact and intense charring occurred at the

point of contact with the flame, as shown in Figure 5.10.

PVA aerogel

Figure 5.10. Photographs showing the burning behavior of PVA and PVA-PEC aerogels
during the horizontal burning tests conducted using a butane flame. The images at
different time during the burning process show the excellent flame retardant and self-

extinguishing behavior of PVA-PEC aerogels.

For the quantitative estimation of the flammability characteristics of the aerogels,
microscale combustion calorimetry (MCC) was used and the results are listed in Table
5.2. Figure 5.11 differentiates between the HRR curves of neat PVA and PVA-PEC
aerogels, where HRR is plotted as a function of temperature. For neat PVA aerogel, the
HRR value increases sharply after 200 °C and reaches its peak (195 W/g) at around 280
°C. Between 400-500 °C, another small peak was obtained, which indicates the multi-step
thermal degradation of PVVA aerogel. However, in PVA-PEC aerogels, there was a slight
shift in the HRR curves towards the high-temperature side, which may be due to the
enhanced thermal stability of PEC incorporated PVA aerogels. Also, the HRR values
were significantly reduced in the PVA-PEC aerogels, particularly in the temperature

range of 250-360 °C in comparison with the neat PVA aerogel. From 195 W/g of PVA
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aerogel, the PHRR drastically decreased to 95 W/g for PVA-20%PEC, which is a clear
indicator of the enhanced flame retardant properties after the addition of PEC to the PVA
matrix. During the burning of PVA aerogel, plenty of hydrocarbon volatiles are released
into the flame at the initial stage of degradation, i.e., during the decomposition of
hydroxyl groups, which results in the generation of lots of heat.*® But in the case of PVA-
PEC aerogels, due to the action of PEC, flammable volatiles are least produced during the
first stage (250-360 °C) of decomposition. This resulted in the lowering of the HRR of
PVA-PEC aerogels initially. However, the peak values of HRR curves for PVA-PEC
aerogels were obtained between 400-500 °C, which manifests the fact that maximum
flammability and flashover potential of PVA-PEC aerogels were reached in the second
step of degradation. Therefore, the TTPHRR values were increased from 270 s in PVA
aerogels to 402, 416 and 423 s in PVA-10%PEC, PVA-20%PEC and PVA-30%PEC
aerogels, respectively. The carbonaceous layer formed during the initial degradation step
acts as a barrier to prevent the underlying material from burning. Thus, we can conclude
that the results from MCC measurements support the results obtained by LOI
measurements and horizontal burning tests (UL 94) and the PVA aerogels attained

excellent flame retardancy in the presence of PEC.

Table 5.2. Flame retardant parameters estimated from LOIl and MCC tests and water

contact angles of the aerogel samples prepared in this study.

Sample LOI PHRR | TTPHRR | THR | HRC WCA
(%) (W/g) (s) (ki/g) | (J/gK) ©)
PVA aerogel 19.6+0.3 195 270 19.67 295 ---
PVA-10%PEC 22.1+0.3 121 402 15.47 199 269=+1.5
PVA-20%PEC 25.6+0.3 95 416 11.20 145 294+ 1.5
PVA-30%PEC 27.9+0.7 116 423 13.60 207 27.1+1.5
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Figure 5.11. Heat release rate versus temperature curves for PVA and PVA-PEC

aerogels obtained by MCC test.

5.4.4. Hydrophobic Surface Modification of Aerogels and Their Performance
Comparison

The moisture sensitivity as well as the highly hydrophilic nature of PVA-based
aerogels, is a hurdle for their practical usage. By engineering the surface chemistry of
materials, hydrophobic or even superhydrophobic surfaces could be obtained. Following
this concept, we performed a simple surface silanization using methyltrichlorosilane by
thermal chemical vapor deposition (CVD) on the aerogels. After the silanization reaction
in the presence of water, a hydrophobic silicone coating was formed over the aerogel
surface.** CVD using silane is a well-known strategy for making hydrophobic surfaces.®
4147 Although methyltrichlorosilane was used for surface modification, no chlorine
elements were introduced onto the surface modified aerogels. On coating the aerogels
using hydrophobic methyl groups, as we have done here, the WCA enhanced
significantly, as given in Table 5.3. All the aerogel samples became highly hydrophobic
and the maximum value of WCA, i.e., 136.4 + 1.5° was obtained for PVA-30%PEC
aerogel, as shown in Figure 5.12a. Hereafter, the silane-modified aerogels will be denoted

with Sil in front, for example, silanized PVA-30%PEC aerogel is denoted as SilPVA-
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30%PEC aerogel. The successful formation of silicone coating over the aerogel surfaces
was confirmed using FTIR spectroscopy (Figure 5.12b). The peaks at 1269, 1028 and 775
cm?, respectively, correspond to C-Si-O, Si-O-C and Si-O-Si bonds. To our surprise, the
aerogels after surface modification showed excellent water adhesion properties along with
hydrophobicity. The water droplet did not fall down even after turning the aerogel surface
upside down and Figure 5.12c demonstrates the water adhesion property of SilPVA-
30%PEC aerogel. Water droplet as big as 43 pL could be tightly pinned and suspended
upside down from the aerogel surface (Figure 5.12d), which further illustrates the
abovementioned property. Such a sticky hydrophobicity could possibly be because of the
surface morphology of the coated aerogels, which shows numerous protrusions, micro
wrinkles and folds, as shown in Figure 5.12e. As a result, the water droplets cannot
directly contact the cellular surface of the aerogels but can penetrate into the pores to
some extent and this leads to the Cassie impregnating wetting state.*® *° Thus, we can
conclude that the micro-roughness of the surface, together with the low surface energy of
the silicone coating, leads to the rose petal-like nature in surface modified aerogels. It was
also observed that the compression strength measured for the surface-modified PVA-PEC

aerogels was more or less the same as that of the unmodified aerogels (Figure 5.12f).

Table 5.3. Flame retardant parameters estimated from LOIl and MCC tests and water

contact angles of the aerogel samples after the silane modification.

Sample LOI  |PHRR|TTPHRR| THR | HRC | WCA
(%) Wig) | (s) (ki/g) | (J/gK) )
SilPVA aerogel | 21.8+0.4 | 139 361 14.67 | 205 | 1265+1.5
SilPVA-10%PEC | 24.6+0.6 | 139 411 13.60 | 143 | 133.1+15
SilPVA-20%PEC | 26.9+0.4 | 140 404 1253 | 134 | 1342+ 15
SilPVA-30%PEC | 31.2+0.3 | 103 415 10.50 | 100 | 136.4+1.5
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Figure 5.12. (a) Image showing the WCA of PVA-30%PEC aerogel after the surface
silane treatment. The contact angle has increased from ~ 27° to ~ 136°. (b) FTIR spectra
of PVA-30%PEC aerogel before and after silane modification. (c) and (d) Photographic
images demonstrating the excellent water adhesion property of PVA-PEC aerogels. The
water droplet did not fall down even after 360° rotation of the aerogel surface. As much
as 43 ulL of water can be suspended upside down on the aerogel surface (SilPVA-
30%PEC). (e) SEM image of SilPVA-30%PEC (Inset shows the magnified image).
Numerous protrusions and wrinkles are clearly visible on the aerogel surface after silane
modification. (f) Compressive stress-strain curves of PVA and PVA-PEC aerogels afetr

surface modification.

The surface modification of aerogels had a significant influence on their thermal
and flammability properties. TGA thermograms in Figure 5.13a compare the thermal
stability of PVA-PEC aerogels before and after the silanization process. The silane-coated
aerogels showed better thermal stability than the uncoated ones, as evident from the
improved Tsoe Values. Tsow for PVA-10%PEC and PVA-20%PEC aerogels were 330
and 331 °C, respectively, whereas the same for SilPVA-10%PEC and SilPVA-20%PEC

are 402 and 405 °C, respectively. There is a clear cut elevation in the thermal stability,
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which could be attributed to the hindrance of PVA backbone decomposition due to the
covalent association between PVA and silane.!® 4’ Also, the surface modification of
aerogels reduced their moisture sensitivity, as evident from the lower weight loss %

below 100 °C for SilPVA-10%PEC and SilPVA-20%PEC aerogels (Figure 5.13a).

Similarly, the anti-fire performance of all the samples has been improved further
upon surface modification, as evident from Figure 5.13b, which demonstrates the
horizontal burning test of SilPVA-30%PEC aerogel. We could observe that the moment
the flame source was removed, the fire got extinguished and a charred layer was formed
on the aerogel surface. Complimentary results were obtained for SilPVA-PEC aerogels
from the MCC tests. The HRR peak around 300 °C was almost nullified in the case of
SilIPVA-PEC aerogels as compared to the unmodified aerogels (Figure 5.13c). This is
because the silane coating has delayed the decomposition of the organic moieties of the
aerogels, resulting in lower heat generation. However, at higher temperatures (400-500
°C), peak HRR values similar to the unmodified aerogels were reached probably because
of the degradation of the organics. From Table 5.3, it is clear that the LOI values have
increased significantly after the silane coating, even for the neat PVA aerogel. LOI as
high as 31.2 % was marked for SilPVA-30%PEC aerogel and the parameters such as
PHRR, THR and HRC were very low for the silylated aerogels. Whereas for SilPVA
aerogel, i.e., silane-modified PVA aerogel without PEC, LOI and PHRR were 21.8 % and
139 WI/g, respectively. Thus, it was proved that the synergistic effect of PEC and the
silane coating could not only retard the moisture sensitivity of PVA-based aerogels but

also enhance their thermal stability and flame retardancy to a great extent.
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Figure 5.13. (a) Comparison of TGA thermograms of PVA-PEC aerogels before and
after the surface silanization process. (b) Photographs showing the burning behaviour of
SiIPVA-30%PEC aerogels during the horizontal burning tests. The flame got
extinguished as soon as the flame source was removed. (c) Heat release rate versus
temperature curves for PVA and PVA-PEC aerogels obtained by MCC test after

silanization.

5.5. Conclusions

In summary, a sustainable organic anti-fire filler prepared from CS and PA by ionic
complexation was employed for the fabrication of PVA hybrid aerogels by an
environmentally-friendly freeze-drying technique using water as the only medium.
Aerogels with different weight loadings of PEC were prepared and their properties were
compared with that of neat PVA aerogel. The successful interactions between PVA and
PEC and the subsequent excellent miscibility between them resulted in the enhanced
mechanical and thermal properties of PVA-PEC aerogels. The aerogels exhibited very
low density (~ 0.06 g/cm®) and high compressive modulus (~ 1.5 MPa) at the same time.

The early degradation in PVA-PEC aerogels catalyzed by the PEC resulted in higher char
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yields as well as the enhanced thermal stability of aerogels. Depending on the PEC
content, the aerogels showed maximum sound absorption (~ 90 %) at different frequency
ranges. Burning tests, LOI measurements and MCC analysis together demonstrated the
excellent flame retardant behavior of PVA aerogels after the PEC incorporation. The LOI
value increased from ~ 19 % to ~ 28 % as the PEC content increased from 0 to 30 % and
all the PVA-PEC aerogels exhibited self-extinguishment of flame. The delayed
degradation of PVA and the intense char layer formed due to the action of PEC resulted
in the improved flame retardancy of aerogels. In order to overcome the hydrophilic nature
of the prepared aerogels, surface silane treatment was carried out by a simple CVD
method. The surface modified aerogels showed a combination of hydrophobicity (WCA ~
136°) and water adhesion properties due to the speciality in the surface morphology and
their thermal stability and flame retardancy were improved further. The multifunctional
properties of the sustainable aerogels prepared in this study indicate that these materials

have broad application prospects, particularly as structural and sound insulating materials.
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6.1. Overall Summary

The interest in polymer-based aerogels has surged in the last few years, thanks to their
unique properties, multi-functions and superior mechanical properties. These are
significant materials from the viewpoints of both science and industry, as they combine
low cost, robustness, durability and easy processing of polymers with extraordinary
aerogel properties and are expected to replace the conventional lightweight materials
from the market in the coming days. The overall concept of the thesis is to develop
mechanically robust and thermally stable thermoplastic polymer aerogels with
multifunctional properties using an environment-friendly freeze-drying technique.
Polymer aerogels can be prepared either from chemical gels, where the polymer chains
form covalently crosslinked networks, or from physical gels, where crystallization or non-
covalent interactions act as crosslinked points to form a three-dimensional network
structure. Our focus was on the physical gelation of polymers, particularly the
thermoreversible gelation based on polymer crystallization for the preparation of
aerogels. Enhancement of the flame-retardant properties of polymer aerogels was another
challenge addressed in the present thesis.

The first chapter provided a brief introduction to aerogels and their importance.
Polymer-based aerogels and their advantages over conventional aerogels were
specifically highlighted. Various gelation mechanisms in polymers, gel drying techniques
and the significance of solvent exchange in aerogel preparation were elaborately
discussed. Flammability test methods and flame-retardant mechanisms of polymeric
systems, and finally, the application prospects of polymer-based aerogels were briefed.

In the second chapter, we studied the influence of structure and morphology on
the thermal, mechanical, dielectric and acoustic properties of sPS aerogels. For this, we

prepared two nanoporous crystalline forms of sPS aerogels, namely ¢ and ¢ forms (de and
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ge), from their respective gels. We found that by tuning the crystal structure of sPS, the
morphology and pore structure of aerogels could be tuned. The Je and & aerogels
prepared in this study exhibited hierarchical porosity with ordered microporosity (<2 nm)
and disordered meso and macroporosities (>2 nm). Using variable temperature WAXD,
we investigated the phase transition behavior of these aerogels. We further found that
aerogels with different crystalline forms have different values for dielectric constant,
thermal conductivity and sound absorption coefficients. As a whole, we succeeded in
developing hierarchically porous crystalline nanoporous sPS aerogels with ultralow
dielectric constant (1.02 + 0.02), thermal conductivity as low as 0.04 W m™* K™, and high
sound absorption coefficient (close to 1). Moreover, these aerogels exhibited excellent
oleophilicity, which was demonstrated in oil/organic solvent separation experiments.

In the third chapter, we selected the commercially successful biodegradable
polymer PLA for the fabrication of aerogels with high thermal stability. Similar to the
previous work, the crystal structure and chain conformation of the polymer played a
crucial role in determining the PLA aerogel properties. Herein, we reported a
temperature-assisted method for forming SC gel by blending enantiomeric PLLA and
PDLA in a crystal complex forming solvent. Fast thermoreversible gelation of
PLLA/PDLA blend solution occurred on cooling the solution to below 0 °C. Thermal
annealing of the PLLA/PDLA blend gel at 70 °C furnished crystalline pure SC gel. The
SC gel was solvent exchanged with water and freeze-dried to obtain SC aerogel with
enhanced thermal and mechanical properties. SC content of the gel was tuned by varying
the annealing temperature of the gel and we were able to prepare blend aerogels with pure
a crystalline form and a mixture of « and SC. Crystalline pure blend a aerogel showed
fibrillar morphology, whereas SC aerogel exhibited unique interwoven ball-like

microstructures interconnected by PLLA and PDLA chains. When compared with the
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homopolymer aerogels, the SC aerogel showed an enhanced melting temperature of 227 +
2 °C (50 °C higher), better thermal stability (onset of degradation was delayed by ~ 40
°C), improved mechanical strength (compression modulus of 3.3 MPa) and better sound
absorption ability. The structural evolution during SC formation at the molecular level
and the micrometer length scale was found to be responsible for the enhanced aerogel
properties.
The fourth chapter focused on improving the flame retardancy of PLA aerogels.
We formulated a novel strategy for incorporating ionic polymers/molecules into the
thermoreversible gels of PLLA during the solvent exchange process and the subsequent
removal of solvents by freeze-drying to obtain flame retardant aerogels. Here, we made
use of the ionic interactions between the guest molecules to layer-by-layer deposit SA, CS
and PA on PLLA. Aerogels with different sequences of deposition were prepared and the
flammability properties were investigated. We have modified the solvent exchange
process to introduce N and P-rich moieties with excellent char-forming capability into the
system. The PLLA aerogel with SA-CS-PA sequential deposition showed the best results
with a LOI value of ~32.0 % (as compared to 18.5 % of neat PLLA aerogel) and self-
extinguishment of flame. The same protocol can be used for the improvement of flame
retardancy of other polymer-based aerogels as well, including the PDLA and SC aerogels.
In the last working chapter, we developed a completely organic and sustainable flame
retardant filler for PVA aerogels. The filler developed is a PEC made from CS and PA.
Ice templating followed by freeze-drying of PVA-PEC solutions in water resulted in
mechanically strong and flexible PVA aerogels. Noncovalent interactions ensured the
interfacial adhesion of PEC and therefore, excellent compatibility between PVA and
PEC. We could achieve excellent flame retardancy (LOI ~28%) with self-extinguishing

behavior for PVA aerogels without compromising the mechanical strength, flexibility,
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low density and good sound absorption ability. Surface silane modification of the
prepared aerogels endowed sticky hydrophobicity to them and further enhanced their anti-

fire properties.

6.2. Future Perspectives

The present thesis supplied new insights into the polymer-based aerogels and provides
an excellent scope for further works in the future, as discussed below:
o The thesis revealed that the crystal structure of polymer influences the
morphology, and ultimately, the properties of aerogels, using some of the commercially
important semicrystalline polymers. The studies can be extended to other polymers as
well, particularly, PHB, which is an upcoming sustainable polymer of commercial
relevance.
o sPS aerogels with crystalline nanoporosity have proven to be ideal materials for
acoustic insulation. Therefore, the large-scale preparation of these aerogels can be tried,
which is quite possible with supercritical CO2 drying.
o SC aerogel prepared in the present thesis proves to be an excellent material with
enhanced thermal and mechanical properties. All the other properties (thermal transport,
dielectric, piezoelectric, EMI shielding, etc.) of SC aerogels can be examined to further
widen its application prospects.
o The flame retardant modification based on solvent exchange and LbL assembly
can be attempted on various polymers such as PDLA, SC, PHB, sPS, PPO, nylons and so
on, and its efficiency in improving the flame retardancy of these aerogels can be

documented.
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Title of the thesis: Semicrystalline Polymer-based Aerogels: Structure, Morphology

and Multifunctional Properties

The present thesis focuses on the development of mechanically robust and
thermally stable aerogels with multifunctional properties using commercially
important thermoplastic polymers. The first two working chapters deal with the
structure-morphology-property relationship in semi-crystalline polymer aerogels. In
Chapter 2, hierarchically porous crystalline nanoporous syndiotactic polystyrene
aerogels with different crystal forms are prepared and their multifunctional properties
are compared. In the second working chapter, stereocomplex formation between
opposite enantiomeric polylactides in the gel state is explored for the preparation of
mechanically robust and thermally stable sustainable aerogels. In the last two working
chapters, efforts are made to enhance the flame-retardancy of biodegradable polymer
aerogels without the use of halogenated or inorganic fillers. The third working chapter
introduces a novel approach of incorporating ionic polymers/molecules into the
thermoreversible gels during the solvent exchange process to fabricate flame-retardant
polylactide aerogels. In Chapter 5, a sustainable polyelectrolyte complex developed
from chitosan and phytic acid is used as flame-retardant filler for polyvinyl alcohol
aerogels. Overall summary and the future perspectives of the research work are

described in Chapter 6.
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ABSTRACT: Hierarchically porous crystalline nanoporous aerogels
of syndiotactic polystyrene (sPS) received much attention because
of their unique nanoporous structures along with meso- and
macroporosity. Depending on the difference in the packing of
polymer chains within the crystal lattice, sPS has two nanoporous
crystalline forms, namely, & and ¢ forms (5, and &,). In this study, we
have prepared high-purity nanoporous 6 and & forms of sPS aerogels
from their respective gels using a solvent exchange strategy with
green solvents, followed by an environmentally friendly freeze-drying
technique. Using these highly porous aerogels, the phase transition
behavior of sPS at higher temperatures was investigated. The §, form
showed a complex phase transition behavior on heating, and at a
higher temperature, the y form (obtained through an intermediate
helical phase) transformed into a mixture of & and f§ forms. On the other hand, the &, form transformed directly into the ¥ form, and
on further heating, the y form transformed exclusively into the a form. The dielectric, thermal, and acoustic properties of crystalline-
nanoporous aerogels were promising with an ultralow dielectric constant (1.02 + 0.02), thermal conductivity (1) as low as 0.04 W
m~' K, and a high sound absorption coefficient (close to 1). Moreover, these aerogels exhibited excellent oleophilicity, which was
demonstrated in oil/organic solvent separation experiments. These multifunctional aerogels of sPS can, therefore, find a multitude of
applications, especially in thermal and acoustic insulation and molecular sorption of oil/organic solvents.

Acoustic

Nanopoross .
| Crystalline Ay

B INTRODUCTION

orthorhombic & form, parallel to the chain axes.'”***" Such

Aerogel monoliths based on polymers are trending nowadays in
diverse fields of application, such as thermal insulation,
packaging, acoustic insulation, oil spill cleanup, sorbents of
volatile organic compounds, antennas and electronics, etc,,
mainly because of their ability to surpass the drawbacks of
tradltlonal inorganic aerogels, which are highly fragile and
brittle.' "' Semicrystalline polymers like syndiotactic polystyr-
ene (sPS),"*™'® poly(2,6-dimethyl-1,4-phenylene) oxide
(PPO),"”*" isotactic poly'[)l'op}flerle,21’22 poly(vinylidene fluo-
ride),”** polyethylene,”” poly(ether ether ketone),”*”” etc. are
capable of forming thermoreversible gels in various solvents
where the junction zones of the gel network are made up of
polymer crystalline phases, which provide the required robust-
ness to the system. Among them, sPS and PPO received
remarkable attention due to their ability to form physical
aerogels with crystalline nanoporosity.' %=’

Guerra and co-workers reported a physically bonded aerogel
of sPS using the 6 form gel by supercritical carbon dioxide
(CO,) extraction, and it is the first example of a nanoporous
crystalline aerogel of sPS."” Similar to the & aerogel, & form sPS
aerogels also possess empty spaces within the crystal lattices, and
both these phases exhibit a helical trans-trans-gauche-gauche
(T,G,) polymer chain conformation with the nanocavities being
isolated in the monoclinic 0 form and channel-shaped in the

© 2021 American Chemical Society

7 ACS Publications

cavities have a diameter of less than 2 nm, which together with
the typical disordered amorphous mesopores (2—50 nm) and
macropores (greater than S0 nm) of the aerogels render
hierarchical porosity to the § and e sPS aerogels.”” The
polymorphism of sPS is even more complex with additional
crystalline phases & and f§ having a planar zigzag all-trans (T,)
chain conformation and y with closely packed helical T,G,
chains,'®*%7**
focuses on the & form aerogel, probably due to the complex
procedures involved in the making of the & aerogel. Daniel and

Most of the reported literature on sPS aerogels

co-workers formulated a strategy to produce the ¢ aerogel in its
finest crystalline purity.””

aerogels by chloroform sorption/desorption, the previously
31,3337

€ aerogels prepared from the y form

known method, presented traces of the y and/or 6 form.
The pure & phase obtained in aerogels could be effectively
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Figure 1. Photographs of (a) € gel and the corresponding aerogel obtained by a freeze-drying process; (b) nanoporous ¢ aerogel resting on the stamen
of a flower; (c) &, aerogel holding 1000 times its original weight; and (d) WAXD patterns and (e) stress—strain plots of §, and &, aerogels measured at

room temperature.

utilized to unravel the intricate polymorphism of sPS by the
systematic investigation of the structural transitions.

Rizzo et al. investigated the thermal transition behavior of the
€ crystalline phase of sPS using thin films and compared it with
the & form.”” Unlike the & form, the nanoporous & form
transformed directly into the y form on heating above 100 °C
without passing through the intermediate phase (disordered
helical phase). Although high-temperature transitions were
reported in the case of nanoporous ¢ form, no reports are
available on the crystalline transitions at a higher temperature
using the & form. For example, Gowd et al. reported that the y
form transformed into a mixture of @ and f# forms for the thick &
form film or uniaxially oriented sample (cocrystal), while a
completely dried thin film (or powder) transformed exclusively
into the kinetically stable & phase.”"*>**~*’ They have reported
that the residual solvents in the amorphous phase of d or y form
triggered the f3 crystal formation.*” On the other hand, when the
uniaxially oriented nanoporous ¢ form was used, the y form
transformed into a mixture of @ and B forms at higher
temperatures even though no solvent residues were there in
the amorphous phase of the y form.*"* The origin of the
formation of the f form at higher temperatures is unclear when
the nanoporous ¢ form was used as a starting material. As
aerogels are fully dried and no residual solvents are present,
these are the right candidates to understand the phase transition
behavior. In this paper, a detailed investigation was carried out
on the phase transition behavior of both nanoporous 6 and ¢
phases using aerogels.

sPS aerogels are deployed in molecular sorption, namely,
volatile organic compounds absorption, adsorption of H,, and
trapping of airborne nanoparticles, mainly due to the nanosized
pores possessed by them.”®*"*° Nanoporous crystalline
polymer aerogels, however, have never been exploited for their
low dielectric constant and thermal and acoustic insulation. The
first attempt in that direction was brought off by Joseph et al,,
who demonstrated the ultralow dielectric constant of sPS 6 type
aerogels (1.03 + 0.02), which is the lowest value ever reported
for any polymer aerogel.”” Rossinsky et al. investigated the
thermal conductivity of the crystalline 4 phase of sPS in the bulk,
and the average value was found out to be 0.2—0.3 Wm™ K~.*'
Thermal conductivity increased with the increase in material
density, which is the general trend. However, there are no
reports on the thermal insulation behavior of sPS aerogels, to the

10606

best of our knowledge. The micro-/mesopores in aerogels can
induce a Knudsen effect, which lowers the gaseous conductivity
as compared to commercial thermal insulators, such as expanded
polystyrene, which are macroporous in nature. Also, the
conduction through the condensed phase (solid conduction)
will be lower in micro-/mesoporous aerogels than in dense
(nonporous) matrix materials as the three-dimensional network
structure in aerogels is composed of weakly connected
32755 These features of sPS aerogels, therefore,
could not only reduce the heat conduction through them but
also influence their sound absorption characteristics. He et al.
have shown that the high porosity and small pore size of
cellulose-based aerogels resulted in their excellent sound
insulation performance.® The hydrophobic nature of sPS
presents an added advantage to its aerogels in terms of water
repellence, and this could be extended to the selective
absorption of oil/organic solvents (oleophilicity) from a water
mixture. Amid other excellent thermally insulating materials or
acoustic insulators, sPS aerogels thus stand out as they could
combine a whole lot of properties within a single system, which
is explored in the second part of the paper.

Herein, we proposed a sustainable method for the preparation
of nanoporous € and 6 forms of sPS aerogels using freeze-drying
as the solvent extraction technique. The organic solvents used
for the preparation of gels were recovered completely after the
solvent exchange process with green solvents (water and
ethanol). Processes like the aging of gel, solvent exchange,
freezing, etc. were carefully controlled to obtain samples with
different porosities; the highest attained porosity was 97%. By
the controlled heating of aerogels, the phase transition behavior
of nanoporous sPS 6 and ¢ forms was investigated using wide-
angle X-ray diffraction (WAXD) and differential scanning
calorimetry (DSC). The nanoporous crystalline aerogels of
sPS proved to be multifaceted materials with spectacularly low
values for dielectric constant (1.02 + 0.02) and thermal
conductivity (~0.04 W m™ K™'), excellent acoustic insulation
performance with sound absorption coeflicients as high as 0.97
in the midfrequency range and superior oil/organic solvent
absorption ability. These multifunctional properties of sPS
aerogels permit them to be potential alternatives to conventional
materials in the fields of microelectronics, thermal management,
acoustic insulation, and oil/solvent spill cleanup.

nanofibers.
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Figure 2. SEM images of (a and b) &, and (c and d) &, aerogels at different magnifications. (e) N, adsorption—desorption isotherms and (f) pore-size

distribution of . and &, aerogels.

B RESULTS AND DISCUSSION

Hierarchical Porous Aerogels of sPS (6. and ¢,.). The
ability of sPS to form cocrystalline phases has been exploited to
prepare two forms of crystalline nanoporous aerogels by the
supercritical carbon dioxide drying method.'”*****"** In our
previous work, the &, aerogel was prepared from the J gel using
xylene as the solvent by the freeze-drying method.”” In the
present work, the &, aerogel was prepared by the freeze-drying
method, as described in the Experimental Section. Unlike in the
case of the 6 gel, acrylonitrile was used as a nonsolvent for the
preparation of the € gel along with chloroform as the solvent. On
cooling the polymer solutions to room temperature, thermor-
eversible gelation takes place, which is very quick in the case of
the € gel as the phase separation here is induced not just by
temperature but also by a nonsolvent. A systematic solvent
exchange strategy was adopted to transform the J and ¢
organogels into hydrogels. This step is crucial as it allows to
circumvent the structural deformations occurring during the
freeze-drying of gels and makes the entire processing route eco-
friendly by allowing the recovery of organic solvents and making
them available for reuse. As optimized from our previous work,”
the polymer concentration in solution was kept at 3 wt % and the
duration of steps like gel aging, solvent exchange, freezing,
drying, etc. was controlled to derive aerogels of varying
porosities (84—97%). We could achieve hierarchical porous
sPS aerogels with the porosity as high as 97%, and there was only
negligible shrinkage to the gel structure upon drying, as shown in

Figure la. Solvent exchange with ethanol followed by water was
crucial in achieving the high porosity and retaining the shape and
size of the aerogels as same as that of the gels before freeze-
drying. Figure 1b depicts the ultralow density of the € aerogel
with 97% porosity, and it can bear a load of almost 1000 times its
weight without structural disintegration (Figure 1c). The &,
aerogel with a similar porosity has sufficient strength to bear a
load of 1500 times its original weight as reported in our previous
work.”” The X-ray diffraction profiles in Figure 1d confirm the
successful formation of crystalline nanoporous sPS aerogels. The
reflections at 20 = 8.4, 10.1, 14.1, 16.9, 18.7, and 20.7° and 26 =
6.9, 8.1, 13.9, 16.4, and 20.6° correspond to J, and &, forms of
sPS, respectively.””*® As evident from the X-ray diffraction
profiles, high-purity crystalline &, and &, aerogels (without the
traces of other crystalline forms) were achieved in this study by
the freeze-drying method. The diftuse scattering observed at low
20 (<4°) in Figure 1d indicates the presence of microporosity
(<2 nm) in both &, and ¢, forms of sPS. Gowd et al. reported
such diffuse scattering in the X-ray pattern of the , form due to
the presence of crystalline porosity, and it decreased significantly
upon heating when the structure transformed into the y form.*”
It is also worth mentioning here that such diffuse scattering was
not observed in the X-ray diffraction patterns of the gel state of
and € forms of sPS. The mechanical properties of . and &,
aerogels with a porosity of ~97% were investigated by
compression experiments and the corresponding stress—strain
diagrams are provided in Figure le. Both aerogels exhibited an
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Figure 3. (a) Temperature-dependent WAXD patterns of the &, aerogel and (b) corresponding changes in the integrated intensities of representative
crystalline reflections of each crystalline form at 26 = 8.4° (6,), 9.8° (intermediate helical phase), 9.3° (7), 6.2° (f8), and 6.7° (@) during heating. (c) TGA
thermograms of §, and &, aerogels. (d and e) Temperature-dependent WAXD patterns of the &, aerogel and the corresponding changes in the
integrated intensities of representative crystalline reflections of each crystalline form at 26 = 6.9° (¢,), 9.3° (), and 6.7° (@) during heating and (f)

DSC thermograms of &, and &, aerogels in the heating process.

irreversible buckling behavior and were converted to dense
solids at higher loads. Even at 75% strain, no fracturing of the
aerogels was observed. However, the compressive modulus
calculated from the slope of the linear elastic region of the
stress—strain curve for the &, aerogel was lower (~0.08 MPa)
than that of the §, aerogel (~0.38 MPa). The difference in the
compressive modulus is mainly due to the difference in the
microstructure and morphology of these aerogels, which will be
discussed in the later section.

A comparison of the SEM images is made in Figure 2 with
respect to the surface morphology of , and ¢, aerogels. The
macroporous structure of both these aerogels exhibits flakelike
morphologies, but the flake sizes are quite small in the &, aerogel.
The magnified SEM images (Figure 2b,d) show the mesoporous
structure where a significant difference in morphology is
observed between the J, and &, forms of sPS aerogels. The
microstructure of the &, aerogel reveals a mixed morphology of
fibers and lamellar structures, unlike the J, aerogel with an
interconnected fibrillar network morphology. The lamellar
structures exhibit sizes approximately in the range of 0.5—1
pum, whereas the fiber diameters will be a few tens of nanometers.
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The morphology of the freeze-dried &, aerogel is comparable to
the morphology of the reported &, aerogel prepared from the
supercritical drying process, albeit the slight changes in the
dimensions of the lamellar structures.’® The difference in the
morphology between &, and €, aerogels can be attributed to the
difference in polymer—solvent interactions, the presence of a
nonsolvent in the case of the & gel, the rate of solvent crystal
sublimation during freeze-drying, etc. The BET surface areas
obtained from nitrogen adsorption—desorption isotherms for &,
and ¢, aerogels are 301 and 227 m® g/, respectively. The
micrometer-sized lamellar structures in the &, aerogel lower its
overall surface area when compared with the all fibrous network
structure of the J, aerogel. Both samples exhibit typical type IV
adsorption isotherms, confirming the mesoporous nature of the
sPS aerogels (Figure 2e). The distribution of pore diameters is
broad, covering all of the mesopores and some of the
macropores, as shown in the pore-size distribution curves in
Figure 2f. In the 20—50 nm range, the ¢, aerogel has the highest
pore volume, indicating the presence of a higher fraction of
mesopores. Also, the peak of the distribution curve comes in the
mesoporous range for the &, aerogel, whereas it is beyond 50 nm
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Figure 4. Dielectric constants of various samples in the X-band of the microwave frequency region. (a) Comparison of the dielectric constants of §, and
€. aerogels having porosity = 97%; (b and c) dielectric constants of various §, and &, aerogels having different porosities, and the variation of dielectric
constant as a function of porosity is shown in the insets of (b) and (c) at different frequencies; and (d and e) effect of annealing temperature on the

dielectric constants of 5, and &, aerogels.

in the case of the §, aerogel. X-ray diffraction, SEM, and BET
surface area measurements revealed the presence of macro-,
meso-, and microporous structures in both §, and &, aerogels.
Crystalline Transitions of §. and ¢, Aerogels of sPS
upon Heating. Thermally induced crystalline transitions of the
0. form are investigated extensively in the literature using an
unoriented film, powder, and uniaxially oriented sam-
ples.*#2*#5%64957 Op the other hand, only one study appeared
on thermally induced crystalline transitions of the &, form using
thermally annealed unoriented films.** Further, this study did
not focus on the high-temperature transitions of the &, form. In
that study, the &, form was prepared using the previously known
procedure, i.e., chloroform sorption and desorption in the y form
films, and this procedure always leads to the formation of the €,
form with traces of the J, and/or y form. In the present
investigation, we have systematically compared the thermally
induced crystalline transitions of §, and ¢, aerogels (high-purity
crystalline forms) using temperature-dependent measurements
of WAXD and DSC. Figure 3 shows the temperature-dependent
WAXD patterns of 6, and €, aerogels in the temperature range of
30—-230 °C, and the patterns were recorded at 10 °C intervals.
The temperature-dependent WAXD patterns of the J, aerogel
are shown in Figure 3a, and changes in the integrated intensities
of the representative crystalline reflection of each crystalline
form at 20 = 8.4° (8,), 9.8° (intermediate phase), 9.3° (), 6.2°
(B), and 6.7° () were evaluated by deconvolution and plotted
against the temperature, as shown in Figure 3b. The crystalline
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reflections corresponding to the J, form disappeared completely
in the temperature range of 70—90 °C. In accordance with the
literature,""***>°” the &, form aerogel transiently transformed
into the “intermediate helical phase” in the temperature range of
80—110 °C. On further heating, the intermediate phase
transformed into the y form. It was speculated that the
crystalline cavities present in the 8, form were responsible for
this unusual formation of the intermediate form as it was not
observed in the § cocrystalline form.*" It is worth mentioning
here that the strong diffuse scattering observed at low 20 (<4°)
disappeared completely once the structure transformed from the
5, form into the y form (indicated with an arrow mark in Figure
3a). This observation further confirms the disappearance of the
crystalline porosity (microporosity) during the crystalline
transition from the J, to the y form. On further heating, the y
form transformed into a mixture of & and 3 forms above 180 °C.
In the literature, it was shown that the y form transformed
exclusively into the kinetically favorable o form in the case of the
powder samples.** Gowd et al. reported the /3 crystal formation
along with & crystals for the thick §-form film (cocrystals) and
proposed that the residual solvent molecules residing in the
amorphous regions of the 6 or y form films triggered the
formation of the /3 form.”” However, when the same group used
the uniaxially oriented J, samples with no residual solvents,
again a minor fraction of the  form was observed along with the
a form at a higher temperature (>180 °C).*" In the present
study, as evident from the TGA thermogram (Figure 3c), the
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presence of a residual solvent is almost nil both in J, and &,
aerogels of sPS. As discussed above, in the case of §, aerogels, at a
higher temperature, fractions of thermodynamically stable
form are observed along with the o form. The reason for the
appearance of the § form will be discussed in the forthcoming
section.

The temperature-dependent WAXD patterns of the &, aerogel
and the temperature dependence of the integrated intensities of
the reflections at 26 = 6.9° (¢,), 9.3° (), and 6.7° (a) evaluated
from the WAXD patterns are shown in Figure 3d,e. Unlike the &,
form, the transition from the &, aerogel did not show the
intermediate helical phase on heating. A direct transition from
the €, to y form is observed, and these two crystalline forms
coexist in the temperature range of 100—120 °C, which is
consistent with the results obtained by Rizzo et al. for
nanoporous e-form films.* It is worth adding here that although
the channel-shaped cavities are present in the &, form, the
transition from the &, to y form occurred smoothly without the
formation of the intermediate helical phase as observed in the
case of the §, form. Similar to the §, form, in this case also the
strong diffuse scattering at lower 20 disappeared completely
when the ¢, form is fully transformed into the y form (Figure
3d), indicating the disappearance of channel-shaped cavities
during the transition. At higher temperatures, the y form
transformed exclusively into the a form (180—200 °C). No trace
of the f# form is observed as in the case of the §, aerogel. These
results suggest that crystalline transitions occurred differently on
heating the nanoporous crystalline forms (8, and &) of sPS.
Based on the present study, we may say that the thermodynami-
cally stable 8 form achieved at the higher temperatures in the J,
aerogel could be from the energy changes associated with the
formation of the intermediate helical phase. The isolated cavities
present in the crystal structure of the J, form plays a major role in
the formation of the intermediate helical phase during the
transition from the J, to the y form and also the thermodynami-
cally stable  form at the higher temperature.

Figure 3f shows the DSC thermograms of J, and €, aerogels in
the heating process at 10 °C/min. Based on the temperature-
dependent WAXD results, the endotherm followed by the
exotherm in the temperature range of 80—120 °C can be
assigned to the O, to intermediate helical phase to y form
transition in the case of heating of the J, aerogel and the €, to y
form transition in the case of heating of the &, aerogel. At a
higher temperature, both 5, and &, aerogels show an
endothermic peak in the temperature range of 170—200 °C
corresponding to the ¥ to a(f) or ¥ to a form transitions. The
endothermic peak observed at around 270 °C is due to the
melting of the a(f) or a form of sPS.

Dielectric Properties of 4, and &, Aerogels of sPS.
Dielectric properties of the prepared aerogels were investigated
using a microwave transmission waveguide technique. The
reliability of this method was proven in our previous work by
fitting the measured dielectric constants of sPS aerogels to some
of the theoretical models.”” Because of their microstructure and
high porosity, aerogels are inherently low dielectric constant
materials. In 1993, Hrubesh et al. reported a dielectric constant
less than 1.03 for silica aerogels with 99% porosity, which turned
out to be the lowest value ever reported for a bulk solid
material.’® We measured the dielectric constants of §, and &,
aerogels in the microwave frequency range of 8—12 GHz (X-
band) of the electromagnetic spectra and obtained consistent
values in the entire frequency range. Figure 4a shows the
measured dielectric constants of crystalline nanoporous sPS

aerogels with ~97% porosity. The J, aerogel has a dielectric
constant of 1.02 + 0.02, whereas the € counterpart shows a value
of 1.03 + 0.02. Further, we have prepared a series of samples of
both types with varying porosities and measured their dielectric
constants. The dielectric constant increased roughly from 1.02
to 1.2 for the &, aerogel as the porosity decreased from 97 to 84%
(Figure 4b), and the &, aerogel also exhibited a similar trend
(Figure 4c). This means that by tuning the bulk density/porosity
of the aerogels, the dielectric constant values could be easily
tuned. It has been shown that the dielectric constant varies
linearly with aerogel density using silica, polyimide, and
polyamide aerogels.”**” Density of aerogels is inversely
proportional to their porosity, and therefore, as a general rule,
we could say that dielectric constant vs porosity showcases a
linear relationship. This was proved using 6, and ¢, aerogels, as
shown in the insets of Figure 4b,c, respectively. An inverse linear
variation of the dielectric constant against porosity at all X-band
frequencies is observed for both J, and ¢, aerogels, i.e., the lower
the porosity, the higher the dielectric constant. Thus, by
tailoring the morphology and porosity of sPS aerogels, their
applicability in the field of microelectronics can be widened.

As discussed in the preceding section, both J, and &, aerogels
undergo crystalline transitions upon heating. Various aerogels
with different crystalline forms were obtained by annealing the
0. and g, aerogels for 1 h at three different temperatures, namely,
90, 140, and 220 °C. Annealing at these temperatures resulted in
aerogels with the intermediate helical phase (in the case of the &,
aerogel), 7, and a(ff)/a crystalline phases. Above 100 °C, the
micropores within the crystal lattice are erased and the structure
is reorganized to the y form. In this study, the dielectric
constants of various crystalline forms are compared. As the
dielectric constant of an sPS aerogel depends heavily on its
overall porosity, measurement of the dielectric constant of
aerogels with crystalline nanoporosity will reveal the influence of
microporosity. It has to be noted that by annealing the samples
at higher temperatures, some of the meso- as well as the
macropores are getting collapsed along with the micropores.
Therefore, it is not correct to correlate the dielectric constants of
the samples at ambient conditions and after annealing, as the
total porosity of the starting samples will be reduced significantly
upon annealing. Instead, to probe the effect of polymer chain
packing (crystalline forms) on the dielectric constant, we have
annealed the samples at the abovementioned temperatures in
such a way that the overall porosity of the final samples remains
the same by choosing aerogels of varying porosities as the
starting material. We have taken o, aerogels with starting
porosities of 94, 95, and 97% and annealed them at 90, 140, and
220 °C, respectively. After the annealing process, the porosity of
all the three samples was reduced to ~93% as the extent of
shrinkage to the samples increases with the increase in the
annealing temperature. Figure 4d shows the dielectric constants
of the J, aerogel at room temperature and after annealing at 90,
140, and 220 °C. All of the samples are nearly 93% porous but
differ in their crystal structure. However, the values obtained for
these samples were more or less the same, within the limits of
experimental error. The lattice packing of polymer chains does
not seem to have a visible effect on the eventual dielectric
behavior of the sPS aerogel samples. A similar study was carried
out using &, aerogels, where the total porosity was 95% and
similar results were obtained, as shown in Figure 4e.

Thermal Conductivity and Acoustic Properties of §,
and g, Aerogels. sPS aerogels can be excellent thermal
insulation materials because of their highly porous network
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Figure S. (a) Plot of thermal conductivity of the 5, aerogel as a function of porosity; (b) comparison of the thermal conductivity obtained in the present
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and (c) normal incident sound absorption coefficients of §, and &, aerogels measured in the frequency range of 300—6400 Hz and compared with other
commercially available sound insulation materials like EPS, PU foam, and EPE.

structure. Thermal transport in aerogels takes place mainly
through three mechanisms: solid conduction, gaseous con-
duction, and radiative transmission. The summation of these
three components brings about the total thermal conductivity
(1) of the aerogel. As reported earlier, the A of bulk sPS lies in the
range of 0.2—0.3 W m ' K~1.>! On conversion to an aerogel, the
A of sPS reduces drastically and the values obtained for §, and €,
aerogels (porosity ~95%) are 0.044 and 0.043 W m™' K™,
respectively. The obvious reason for the massive reduction in 4
of the aerogel is because it is mostly air, and the 4 of air is 0.02 W
m~! KL% On increasing the porosity of the samples, we could
attain further diminution in the thermal conductivity of aerogels,
for example, 0.041 W m™" K™ is the value obtained for the &,
aerogel with a porosity of ~96%. The thermal conductivity of
expanded polystyrene boards demonstrated by Mihlayanlar et
al. is of the order of 0.04 W m™ K~.°" Similar to the dielectric
studies, we did a systematic analysis of aerogels with varying
porosities to understand the relation of porosity with thermal
conductivity. From Figure Sa, it is clear that as the porosity
decreases, thermal conduction through the J, aerogel increases,
and this relation is monotonic. A similar trend can be expected in
the case of the &, aerogel also. When considering the thermal
transport mechanism, solid conduction through the polymer
backbone appears to be the major contributor to heat
conduction. Since sPS aerogels are predominantly mesoporous,
i.e, pore sizes are less than 50 nm, a strong Knudsen effect will be
induced in the system. As the majority of the pores are smaller in
size than the mean free path of the gas molecules in free space
(~70 nm), the gas molecules undergo collisions with the pore
walls before their interactive scattering, resulting in the lowering
of gaseous conduction.” This explains why the thermal
conductivity is slightly lower in the &, aerogel than the &,
aerogel of the same porosity. The solid conduction of a
particular material is its intrinsic property. However, as the
morphology suggests, the sPS aerogel is composed of weakly
connected polymer fibrils, and these weak connections between
the nanofibers reduce the heat transfer through the polymer
backbone, eventually resulting in lower total thermal con-
ductivity.>® Figure 5b compares the thermal conductivity of sPS
aerogels with some of the polymer-based aerogels reported in
the literature prepared by the freeze-drying method, and sPS
aerogels investigated here showed comparable or even lesser
values.””~°° The neat polyimide aerogels prepared by Fan et al.
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exhibited a higher thermal conductivity (0.052 Wm™ K™') than
the sPS aerogels.”” The ultralow and easily tunable thermal
conductivity of crystalline nanoporous sPS aerogels opens up a
wider application prospect to these materials as thermal
insulators in the fields of building insulation, cryogenic flasks,
and packaging.

At times, thermal insulating aerogels can have excellent sound
absorption ability also, which is a direct consequence of their
highly porous structure. The normal incident sound absorption
coeflicients, ie., the ratio of absorbed sound intensity in the
material to the incident sound intensity, of J, and &, aerogels at
various frequencies (300—6400 Hz) are shown in Figure Sc
along with the values obtained for the commercial sound
insulators such as expanded polystyrene (EPS), polyurethane
(PU) foam, and expanded polyethylene (EPE). All of the
samples used for measurements were cylindrical with 12 mm
thickness. The absorption coefficients of all of the samples were
low initially but improved gradually with the increase in
frequency. sPS aerogels showed better absorption ability than
commercial materials even at the lower frequencies. EPS has a
maximum absorption of 92% at around 4000 Hz. However, it
showed very low absorption values (<20%) up to 2500 Hz. On
the contrary, the &, aerogel absorbed more than 80% of the
incident sound waves beyond 1800 Hz consistently with an
obvious peak of 97% between 2300 and 3000 Hz. In the same
frequency range, the values obtained for EPS and EPE are less
than 30 and 60%, respectively. All these commercial insulators
are predominantly macroporous in nature. The &, aerogel
showed results similar to the &, aerogel but with slightly lower
absorption ability. The peak maximum was 92% for the &,
aerogel in the frequency range of 2600—2800 Hz. The excellent
acoustic performance of nanoporous crystalline sPS aerogels can
be attributed to their highly mesoporous structure. As the sound
waves enter a highly porous structure like a sPS aerogel, multiple
scattering phenomena and the increased vibration of the pore
walls result in the effective attenuation of sound waves. The
tortuosity of wave propagation caused by channel twists and
turns and the nanosized pores result in enhanced friction and air
viscosity consumption, thereby improving the sound absorption
performance.”®” As mentioned earlier, the &, aerogel has a lower
sound absorption capability than the &, aerogel, and this could
be attributed to the difference in their morphologies. The
mesoporous morphology of the &, aerogel provides more area on
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Figure 6. Water contact angles for (a) &, and (b) &, aerogels. The removal process of (c) dichloromethane and (d) hexane from water using the &,

aerogel.

the pore walls for the sound waves to get scattered. As a result,
the magnitude of sound scattering and, therefore, the vibration
of pore walls will be more in the &, aerogel, resulting in better
sound absorption performance. sPS aerogels can be good
alternatives to the traditional acoustic insulators because of their
superior sound absorption ability over a broad range of
frequencies.

Oil/Organic Solvent—Water Separation using . and ¢,
Aerogels. The water contact angle (WCA) measurements were
carried out on sPS aerogels to study their surface wettability, and
the values obtained for §, and &, aerogels with 96% porosity were
139 + 2 and 132.7 + 2°, respectively. The images of water
droplets on the surface of §, and &, aerogels are, respectively,
shown in Figure 6a,b. The water droplets remained stable on the
aerogel surface without reduction in the WCA over along period
of time. This indicates the highly hydrophobic nature of the
prepared aerogels, which is attributed to the inherent hydro-
phobicity of sPS and the surface roughness of aerogels created by
the different levels of porosity.”> When these aerogels were
immersed in water using an external force, no water absorption
was observed, and the moment the external forces were
removed, the samples rose to the surface. This property of sPS
aerogels could well be utilized for the oil/organic solvent—water
separation process. Figure 6¢ and Movie S1 display the selective
absorption of dichloromethane stained with iodine from under
the water using the J, aerogel. The solvent droplets are readily
absorbed by the aerogel within a few seconds, indicating its high
oleophilicity. Figure 6d shows hexane colored with iodine
floating on the surface of the water and being completely
removed using the J, aerogel. Similarly, pump oil and petrol
floating on the surface of water were selectively recovered using
sPS aerogels with great efficiency (Movies S2 and S3). Thus, the
combination of high hydrophobicity and oleophilicity makes
sure that §, and &, aerogels are superior oil/organic solvent
absorbers. Guerra and co-workers showed a high sorption
capacity of organic solvents even from very dilute aqueous
solutions using crystalline nanoporous sPS aerogels.”***** To
regenerate the §, and &, aerogels for further absorption process,
the oil/solvent-filled aerogels were washed with ethanol and
dried in an oven at 60 °C for 60 min. After the washing process,
oils/organic solvents can be separated from ethanol by suitable
procedures.
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B CONCLUSIONS

In summary, we have developed sPS aerogels with isolated (5,)
and channel-shaped (&,) crystalline nanocavities by a facile and
feasible freeze-drying technique. The gel solvents were
exchanged with green solvents such as ethanol and water,
which makes the entire process eco-friendly. J, and &, aerogels
with porosity as high as 97% were obtained, and we were able to
tune the porosity of aerogels by the careful control of the
preparation steps. The intricate polymorphic changes occurring
in these aerogels were studied using variable temperature
WAXD, which revealed some of the fundamental aspects of sPS
phase transitions. The dielectric measurements carried out on
the aerogels demonstrated the linear relationship between the
dielectric constant and porosity. Ultralow values for dielectric
constant (1.02 + 0.02) and low thermal conductivity (~0.04 W
m~' K™') were obtained for both types of sPS aerogels. Also,
high sound absorption coeflicients were obtained, particularly
for the e, aerogel (~0.97), which has a higher fraction of
mesopores. The surface wettability of aerogels was estimated
using WCA measurements (~139°), and their highly hydro-
phobic and oleophilic nature could be utilized for the oil—water
separation process. Crystalline nanoporous aerogels of sPS thus
proved to be multifunctional aerogels with prospected
applications in microelectronics, thermal/acoustic insulation,
and oil/solvent spill cleanup.

B EXPERIMENTAL SECTION

Materials. sPS (M,: 272 000 and D: 2.28) used in this study was
kindly supplied by Idemitsu Petrochemical Co., Ltd. (Japan). The
solvent used for & gel preparation was a mixture of isomers of xylene,
purchased from Merck, India. Chloroform (Sigma-Aldrich Co.) and
acrylonitrile (TCI Co., Ltd.) were used for the preparation of the ¢ gel.
The polymer and all of the above solvents were used as received. The
solvent exchange was done using ethanol (S.D. Fine Chemicals) and
distilled water.

Preparation of the § Form Aerogel of sPS. The § form sPS
aerogel was prepared according to our previous report.”” Briefly, sPS
pellets were dissolved in xylene by heating above 140 °C (boiling point
of xylene). After complete dissolution of the polymer, the solution with
a polymer concentration of 3 wt % was transferred to plastic molds and
cooled down to room temperature at a rate of 1.5 °C/min, where
gelation occurred. The as-obtained gels were aged at room temperature
for 3 h, and the solvent was exchanged systematically by immersing the
gel in different solvents and solvent mixtures. In the first step, the
organogels were fully immersed in ethanol to exchange the pre-existing
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xylene, and then, the solvents were removed by decantation. In the
second step, the gels were repeatedly washed with a mixture of ethanol/
distilled water. Initially, ethanol content was kept high in the solvent
mixture (ethanol/distilled water (75/25 v/v)) and then the gels were
washed by changing the compositions of ethanol/distilled water
mixture, where the water content was slowly increased. In the final step,
the gels were immersed exclusively in water for 1 h to obtain hydrogels.
The entire solvent exchange process was carried out for 12 h. The as-
obtained hydrogels were transferred to an ultralow temperature (ULT)
freezer (at —60 °C) and frozen for 12 h and then lyophilized. Rotary
evaporation of the solvent mixtures obtained after the solvent exchange
process was carried out to separate and recover xylene.

Preparation of the ¢ Form Aerogel of sPS. The freeze-drying
technique was used to prepare the € form of sPS aerogels with the aid of
a systematic solvent exchange procedure. To prepare the € gel of sPS, a
combination of chloroform (solvent) and acrylonitrile (nonsolvent)
was used. sPS pellets were first dissolved completely in chloroform in a
tightly sealed setup by heating above the boiling point of chloroform
(60 °C). Then, a slightly hot mixture of chloroform and acrylonitrile
(volume ratio 1:2) was slowly added to the polymer solution with
stirring. The final solution was immediately transferred to plastic molds
and cooled down to room temperature at a rate of 1.5 °C/min. The € gel
thus obtained was aged for 2 h at room temperature and subjected to
solvent exchange as earlier. This was followed by freezing of hydrogel at
—60 °C for 12 hin a ULT freezer and freeze-drying to obtain the & form
of sPS aerogels with 100% crystalline purity. In the final solution, the
polymer concentration was 3 wt % and the volume ratio of chloroform
to acrylonitrile was 1:1. Similar to the above case, a rotary evaporator
was used for the recovery of solvents (chloroform and acrylonitrile). We
prepared both J, and &, aerogel samples with different shapes and
dimensions for various characterizations, the largest being S cm X 5 cm
X 2 cm in dimension.

Characterization. The total porosity of different sPS aerogel
samples was determined from the density values using the following
equation

by

oo )
where p,, is the mass/volume ratio (apparent density) of the prepared
aerogel (volume is determined theoretically from the dimensions of the
samples) and p,; is the density of the bulk polymer. A universal testing
machine (Hounsfield, HSKS UTM, Redhill, UK.) with a crosshead
speed of 1.0 mm min™" was used for the compressive strength analysis
of the aerogels and cylindrical samples with a diameter-to-height ratio
of approximately 1:1 were used for the measurements. Scanning
electron microscopy was employed to examine the morphologies of
various samples and the measurements were performed using a Zeiss
EVO 18 cryo-SEM operating at an accelerating voltage of 15 kV. The
water contact angle of the samples was measured at room temperature
using an automated DSA30 Drop Shape Analyzer, KRUSS, Germany.
The measurements were carried out at different regions on the same
aerogel as well as on the same region of the aerogel over a period of 15
min. From the nitrogen adsorption—desorption isotherm (Gemini
2375, Micromeritics, Norcross), the Brunauer—Emmett—Teller (BET)
surface area of the porous aerogels was measured. The samples were
degassed at room temperature for 24 h before the measurement. The
pore-size distributions were also obtained from the isotherms using the
Barrett—Joyner—Halenda (BJH) method. Phase formations in aerogels
were confirmed using wide-angle X-ray diffraction (WAXD) measure-
ments on a XEUSS SAXS/WAXS system from Xenocs operated at 50
kV and 0.60 mA in the transmission mode using Cu Ka radiation of
wavelength 1.54 A. The two-dimensional patterns were recorded on a
Mar 345 image plate system (detector), and the Fit2D software was
used for data processing. Variable temperature WAXD measurements
were carried out with the aid of a Linkam THMS 600 hot stage
connected to the LNP 95 cooling system to understand the phase
transformation behavior of various aerogel samples. The samples were
heated from room temperature at a rate of 10 °C/min to 230 °C and the
X-ray patterns were acquired at 10 °C intervals, after a dwell time of 11

P =100|1 —

min at each temperature. Phase transitions were confirmed using an
advanced research-grade modulated differential scanning calorimeter
(DSC) TA Q2000 under a nitrogen atmosphere by heating the samples
from room temperature up to 300 °C at a rate of 10 °C/min. To
confirm the complete drying of aerogels, thermogravimetric analysis
(TGA) was carried out under continuous nitrogen flow using TA QS0,
a fourth-generation thermogravimetric analyzer. The samples were
heated from room temperature to 800 °C at a rate of 10 °C/min. The
dielectric constants were measured using a vector network analyzer
(Model No. ES071C, ENA series, 300 kHz-20 GHz; Agilent
Technologies, Santa Clara) by a waveguide technique in the X-band
(8.2—12.4 GHz) of the microwave frequency. The samples were
annealed at various temperatures by keeping them in a vacuum oven for
1 h at a required preset temperature, and the corresponding phase
formations were confirmed using WAXD before the dielectric
measurements. For the X-band, samples used were of the dimension
22.86 X 10.8 mm* The thermal conductivity (1) of aerogels was
measured with a TCi thermal conductivity analyzer (C-Thermo
Technologies Ltd,, Canada) using the transient plane method. The
samples with thickness not less than 10 mm were used, and five
measurements were done for each sample, the average value of which
was taken as the final thermal conductivity. The normal incident sound
absorption coeflicient of all of the samples was obtained using a Briiel &
Kjer impedance tube, type 4206 (Denmark). Cylindrical samples with
a diameter of 29 mm and thickness of 12 mm were used for
measurements in the frequency band from 300 to 6400 Hz via the two-
microphone method.
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ABSTRACT: Biodegradable aerogels with flexibility and high
strength are attractive for construction, and acoustic and thermal
insulation but are seriously plagued by their flammability.
Improving the flame retardancy of these aerogels has been a hot
topic of research and inorganic fillers, and layered materials have
been widely used for this purpose. However, the poor interfacial
compatibility of these fillers has affected the processability and
mechanical properties of the aerogels and reduced their overall
performance. In this study, we have used a completely organic and
sustainable polyelectrolyte complex (PEC) as a filler for fabricating
mechanically strong, sound-absorbing, and flame-retardant poly-
(vinyl alcohol) (PVA) aerogels with the aid of an environmentally
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friendly freeze-drying method. The noncovalent interactions between the polymer and filler ensured excellent compatibility as well as
interfacial adhesion of the filler, and we could achieve a perfect balance between the density and mechanical properties of the
aerogels. The prepared aerogels exhibited flexibility, good sound absorption ability in the mid-frequency range, and excellent flame
retardancy (LOI ~28%) with self-extinguishing behavior. A simple silane modification endowed sticky hydrophobicity to the
aerogels and further enhanced their antifire properties. These sustainable multifunctional aerogels could find a plethora of
applications in real life, particularly in buildings and structures as fire safety materials and sound insulators.

KEYWORDS: polymer aerogels, poly(vinyl alcohol), polyelectrolyte complex, flame retardant, hydrophobic, sound absorption

B INTRODUCTION

The demand for sustainable materials has risen enormously in
many applications due to the enhanced global awareness of
environmental safety and protection. When it comes to
structural and functional materials, tough and mechanically
robust lightweight materials derived from renewable resources
and/or by environmentally benign processes seem to be the
way forward. Being an outstanding class of lightweight
materials, aerogels, first reported by Kistler,"”* are the go-to
materials for the future as they possess properties like
extremely low densities, high porosities, high surface-to-volume
ratios, low thermal conductivities, low dielectric constants, low
sonic velocities, etc.” These unique traits qualify them as
thermal and acoustic insulators,*™'* low dielectric sub-
strates,n_17 supercapacitor materials,lg_20 etc. Polymer-
based, particularly biodegradable/biopolymer-based aerogels,
are trending nowadays, thanks to their superior mechanical
properties over conventional inorganic aerogels and sustain-
ability. Many environmentally benign aerogels based on
poly(vinyl alcohol) (PVA),*'~** poly(lactic acid),”*** cellu-
lose,”°™2® chitosan,”'>*® starch,®*’ etc. have been developed
in recent times using the freeze-drying technology. Compared
to supercritical CO, drying, which requires high operating

© 2022 American Chemical Society
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pressures, freeze drying is a greener, low-cost, and more
feasible method for the extraction of solvents from wet gels
without the collapse of the gel structure.

PVA is a formidable candidate for the preparation of
aerogels owing to its low cost, high solubility in water, and
good mechanical properties. Its biodegradable, biocompatible,
and nontoxic nature makes it an even more versatile polymer.
However, the limiting factors of pristine PVA are the high
flammability (limiting oxygen index (LOI) ~19.8%) and
superhydrophilicity induced by its organic skeleton composed
of plenty of hydroxyl groups, which restrict its feasibility in
many practical applications. Extensive research has been done
in improving the flame-retardant properties of PVA aerogels,
especially by incorporating inorganic fillers like clay,
ammonium polyphosphate (APP), etc, into the polymer
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matrix to fabricate organic/inorganic composite aero-
gels.”>*°7>* Schiraldi and co-workers have developed a series
of additives for PVA aerogels to improve flame-retardant and
other properties.%_36 For example, APP modified with
piperazine was used as an intumescent flame retardant in the
PVA-montmorillonite aerogel system to demonstrate the
improved flame retardancy.”” The same group introduced
another approach toward the development of flame-retardant
aerogels by growing a conformal silica coating onto the PVA
aerogel. Further, they did a fluorocarbon silane treatment,
which furnished durable superhydrophobic aerogels.”® The
synergistic effect of two-dimensional layered nanomaterials
such as a-zirconium phosphate, MXene, and boron nitride
nanosheets with APP was well utilized to enhance the fire
safety of PVA aerogels.””™*" However, the poor interfacial
compatibility of inorganic additives often leads to poor
mechanical properties and durability. In addition, high loadings
of inorganic additives to achieve the satisfactory flame
retardancy of PVA can negatively affect aerogel formation.
Due to these reasons, reactive flame retardants attracted the
attention of researchers as they preserve the mechanical
properties of polymer aerogels and afford satisfactory flame
retardancy. Shang et al. fabricated flame-retardant PVA
aerogels with high mechanical and dimensional stability
without the aid of any inorganic species by chemical cross-
linking with melamine-formaldehyde.”” But the potential
toxicity of melamine and formaldehyde can cause danger to
humans as well as the environment. Therefore, alternative
materials or methods are vital for the preparation of sustainable
and eco-friendly PVA-based aerogels with enhanced overall
properties.

Recently, there have been reports on using polyelectrolyte
complexes (PECs) as flame-retardant additives for polymers
and their composites.”’™* PECs are a family of multi-
component polymeric materials formed by the ionic
interactions between oppositely charged polyions. Usually,
water-soluble polycations and/or polyanions have been utilized
for the synthesis of PECs without the aid of cross-linking
agents or catalysts.”* ™" At the industrial scale, PECs are used
as flocculants for wastewater treatment, dewatering agents in
papermaking, additives in detergents and cosmetics, and
binders in the pharmaceutical industry."*** Zhang et al.
demonstrated the applicability of PEC on ethylene-vinyl
acetate copolymer as a green intumescent flame retardant.*’
A water-soluble poly(allylamine)-polyphosphate PEC that can
extinguish flame was coated onto polyester-cotton fabric by
Grunlan and co-workers, and the resultant coating was wash
durable.”" In another work, flame-retardant epoxy resins were
prepared using poly(diallyldimethylammonium) and polyphos-
phate PEC.>> However, to the best of our knowledge, PECs
have never been applied to polymeric aerogel systems, albeit
their huge potential to boost aerogel properties.

Inspired by the eco-friendly nature of PECs, we aim to
fabricate water-based polymer aerogels that are strong, flame-
retardant, hydrophobic, flexible, and sound-absorbing. In the
present study, we have blended biosourced PECs into the PVA
matrix to prepare a fully organic flame retardant polymer
aerogel. PEC is synthesized from chitosan (CS), a cationic
biopolymer, and phytic acid (PA), a phosphorus-rich anionic
molecule obtained from bioresources. Abundant hydroxyl
groups in PVA enable a strong interfacial adhesion of PECs
through hydrogen bonding. Furthermore, the addition of PEC
did not alter the low-density behavior of aerogels. The hybrid
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aerogels’ microstructure, compression properties, thermal
stability, and acoustic properties were characterized and
compared with neat PVA aerogel. The highly hydrophilic
aerogels are further converted into hydrophobic (water contact
angle over 136°) using a commercial silane by a simple
chemical vapor deposition (CVD). Before and after the
hydrophobic modification, the aerogels were characterized
for flammability using UL94, LO]I, and microscale combustion
calorimetry (MCC), and the possible flame-retardant mecha-
nism was discussed. The aerogels prepared in this study can
find applications as structural materials for buildings and as
acoustic insulators.

B EXPERIMENTAL SECTION

Materials. PVA (M, ~89000 to 98000, 99% hydrolyzed),
chitosan (low molecular weight, degree of deacetylation >75%),
phytic acid sodium salt hydrate (from rice), and methyltrichlorosilane
(99%) were purchased from Sigma-Aldrich Co. and used without
further purification. Hydrochloric acid and citric acid were obtained
from Rankem Chemicals and Merck India, respectively. Potassium
carbonate (K,CO;) was provided by Avra Synthesis Pvt. Ltd.
Deionized (DI) water was used in the entire experimental process.

Preparation of PEC. PEC was prepared by slightly modifying a
reported procedure.* Initially, 2 wt % solution of CS was prepared by
dissolving 4.07 g of CS powder in 200 mL of DI water with the aid of
3 mL of S M hydrochloric acid (HCI). The dissolution was done by
stirring at room temperature for 2 h, and the pH of the resultant CS
solution was 1.2. Subsequently, excess PA solution (4 wt %) was also
prepared in 200 mL of DI water by dissolving 8.3 g of phytic acid
sodium salt hydrate at room temperature by mechanical stirring. The
pH of the PA solution was adjusted to 1.5 using S M HCI. Then, this
solution was added dropwise to the CS solution with vigorous stirring
to yield a white precipitate. After complete precipitation, the solution
was stirred overnight and the precipitate was allowed to settle down.
The white precipitate was then collected by filtration and washed
several times with DI water before drying in the hot-air oven first,
followed by vacuum drying at 60 °C for 24 h. The dried precipitate,
which was yellowish in color, was ground to a fine powder and stored
in a vacuum desiccator for further use.

Preparation of PVA-PEC Aerogels. PVA solutions (5 wt %)
were used for the preparation of PVA-based aerogels. In a typical
preparation procedure, 1 g of PVA powder was dissolved in 15 mL of
DI water by mechanical stirring at 90 °C for 2 h. The required
amount of powder PEC was taken in a separate container with S mL
of DI water and sonicated for 30 min. The PEC dispersion was added
to the PVA solution with constant stirring, and subsequently, 0.2 g of
citric acid was added to the PVA-PEC mixture. The stirring was
continued for 2 h at 90 °C. Then, the homogeneous solution was
transferred to a plastic mold and immediately frozen in a liquid
nitrogen bath. The frozen sample was subjected to freeze-drying to
obtain the required aerogel. The sample was named as PVA-xPEC,
where x stands for the wt % of PEC with respect to the total solid
content of the sample. Composite aerogels containing 5, 10, 20, and
30% of PEC were prepared and stored in a vacuum desiccator at room
temperature for further use. A control sample was also prepared
following the above procedure, without the addition of PEC (neat
PVA aerogel) for the purpose of comparison.

Hydrophobic Surface Modification of PVA-PEC Aerogels. A
chemical vapor deposition (CVD) technique was employed to modify
the aerogel surfaces.> Briefly, a saturated solution of K,CO; was kept
open inside a desiccator for 12 h to absorb the moisture and maintain
a constant relative humidity. Later, another open vial with 1 mL of
methyltrichlorosilane was introduced into the desiccator along with
the aerogel samples. The desiccator was sealed and kept in the hot-air
oven at 50 °C for 24 h when silanization occurred. The silanized
aerogels were then placed in a vacuum oven at 50 °C for 24 h to
remove the residual silane and HCI and stored in a vacuum desiccator
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for further characterization. The surface-modified samples were
named as SilPVA-xPEC.

Characterization. The apparent density of various aerogel
samples was determined theoretically from their mass/volume ratio.
The elemental composition of powder PEC and monolithic aerogels
was obtained using PHI 5000 Versa Probe-II Focus X-ray photo-
electron spectroscope (XPS) (purchased from ULVAC-PHI, Inc.)
equipped with microfocused (200 ym, 15 kV) monochromatic Al Ko
X-ray source (hv = 1486.6 eV). Fourier transform infrared (FTIR)
analysis was performed using a PerkinElmer Series FT-IR Spectrum
Two machine at a resolution of 4 cm™' and 32 scans in the
wavenumber range of 4000—400 cm™'. Wide-angle X-ray diffraction
(WAXD) patterns of the aerogels were acquired using XEUSS SAXS/
WAXS system from Xenocs operated at 50 kV and 0.60 mA in the
transmission mode using Cu Ka radiation (1 = 1.54 A). A Mar 345
image plate system detected the 2D patterns and the Fit2D software
was used for data processing. Differential scanning calorimetry (DSC)
measurements were conducted with an advanced research-grade
modulated differential scanning calorimeter TA Q2000 under
nitrogen gas flow. The samples were heated from room temperature
to 250 °C at a rate of 10 °C/min and then cooled back to room
temperature at the same rate. Compression tests were carried out on
cylindrical aerogel samples (2:1 diameter-to-height ratio) to evaluate
their mechanical performance. Universal Testing Machine (Houns-
field, HSKS UTM, Redhill, U.K.) with a crosshead speed of 1.5 mm/
min was used for the same. Thermal stability and thermal degradation
behavior of all of the PVA-based aerogels were monitored using a
thermogravimetric analyzer (TGA) TA QS0. The samples were
heated from room temperature to 600 °C at a rate of 10 °C/min
under nitrogen atmosphere. The acoustic performance of the
prepared aerogels was evaluated by measuring the normal incident
sound absorption coefficients using a Briiel & Kjer impedance tube,
type 4206 (Denmark). Cylindrical samples with diameter ~29 mm
and thickness ~15 mm were measured in the frequency band from
300 to 6400 Hz via the two-microphone method. To study the
wetting behavior of the aerogels before and after the silane treatment,
water contact angles (WCA) of the samples were measured at room
temperature using an automated DSA30 Drop Shape Analyzer,
KRUSS, Germany. For the preliminary analysis of the flammability
properties of the aerogels, horizontal burning tests were conducted
under laboratory conditions using a Bunsen burner with a butane
flame. Limiting oxygen index (LOI), i.e., the lowest concentration of
oxygen required to burn a sample, was measured for the aerogels
using a critical oxygen index apparatus (as per ASTM D2863-08, ISO
4589) from Spectrum Automation and Controls coupled with
Servomex Servoflex MiniMP (United Kingdom), a high-performance
oxygen gas analyzer. The microscale combustion calorimetry (MCC)
(MCC-1 (FTT)) was performed for the further analysis of the flame
retardant properties of the aerogels. Milligrams of the sample were
heated to 700 °C at a heating rate of 1 °C/s in a stream of nitrogen
(80 cm®/min). The resulting volatile anaerobic thermal degradation
products are mixed with 80 cm®/min carrying gas (nitrogen of 80
mL/min; oxygen of 20 mL/min) and subsequently burned at 900 °C
in a combustion furnace. Various flammability parameters such as
HRR (heat release rate; W/g), THR (total heat release; kJ/g), HRC
(heat release capacity; J/gK), etc. were measured from this test.

B RESULTS AND DISCUSSION

Fully Organic Flame-Retardant Fillers. Popular halogen-
based fillers in flame retardancy are being abandoned across
the globe for the adverse environmental impacts they have
generated in recent times. Clays and many other inorganic
materials have been successfully emplo;red as eco-friendly
alternatives to halogenated antifire fillers. 393239 However, a
completely organic filler material has not gained much
attention, particularly for aerogels, probably due to their
lower efficiency than their inorganic counterparts. Herein,
noncovalent interactions, particularly the ionic interactions
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between a macromolecule and a small molecule have been
utilized to prepare a green water-insoluble additive, with the
ultimate aim of fabricating polymer aerogels with enhanced
properties. The macromolecule selected is CS with a low
molecular weight, which has an abundance of polarizable
primary amino groups. PA is an anionic molecule rich in
phosphate groups and can effectively interact with chitosan to
form stable complexes. These complexes can be considered as
polyelectrolyte complexes, and the schematic illustration of
their formation is given in Figure la. Briefly, to the freshly
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Figure 1. (a) Schematic illustration of the formation of PEC from CS
and PA. (b) Photographic images showing the precipitated (white)
PEC and the PEC powder (pale yellow) after the filtration, washing,
drying, and grinding processes.

prepared aqueous acidic CS solution, excess of PA sodium salt
hydrate solution in water was added and immediate
precipitation occurred, as shown in Figure 1b. The as-obtained
white precipitate was filtered, washed, vacuum-dried, and
ground to obtain a fine powder with pale yellow color (Figure
1b) and the PA/CS weight ratio in this complex is ~0.86:1.
The prepared PEC consists of carbon, oxygen, nitrogen, and
phosphorus elements, whose approximate elemental composi-
tion was obtained from X-ray photoelectron spectroscopy
(XPS), as shown in the survey spectrum in Figure 2a. The
percentages of C, O, N, and P elements in the PEC are ~48.4,
42.5, 4.9, and 4.2, respectively. The successful ionic complex-
ation reaction between CS and PA is confirmed using FTIR
analysis, and the corresponding spectra are given in Figure 2b.
CS shows characteristic absorption bands approximately at
1650 cm™" (C=0 stretching (amide 1)), 1589 cm™' (N—-H
bending of primary amine), and 1560 cm™ (N—H bending
(amide II)), and PA has peaks at 1645 cm™' (O—P-O
stretching) and 1185 cm™ (P=O0 stretching). However, in
PEC, a new band appeared in place of the N—H bending peak
at 1530 cm™', which is ascribed to the protonated NH, group
(NH;*) of CS in the presence of acid. Similarly, the band at
1042 cm™ in PEC corresponds to the stretching mode of
(PO,)*". Thus, the oppositely charged functional groups can
easily interact via ionic bonds in the organic complex. Further
confirmation of the interactions is obtained from high-
resolution XPS spectra and WAXD patterns given in the
Supporting Information (Figures S1 and S2). The bonds
corresponding to each peak in the XPS high-resolution C 1s, O
1s, N 1s, and P 2p spectra of PEC are well labeled in Figure SI.

https://doi.org/10.1021/acsapm.2c00639
ACS Appl. Polym. Mater. 2022, 4, 5113-5124


https://pubs.acs.org/doi/suppl/10.1021/acsapm.2c00639/suppl_file/ap2c00639_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.2c00639/suppl_file/ap2c00639_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00639?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00639?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00639?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00639?fig=fig1&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.2c00639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

T 100
(a) Atomic %  Ols (b) N~ : (C) — :g
Cl1s 48.4 PA § —PEC
O1s 42.5 : 80
Nis 4.9 8 W !
P2p 42 S : =
£ = cs : 2 o0l
= | Pec ; =
® : a0t
N1s :
P2p POY
' 1 L L L ' 1 /" L ' L 20 C A 1 L 1 1 'l
1000 800 600 400 200 3500 3000 2000 1500 1000 500 100 200 300 400 500 600 700

Binding Energy (eV)

Wavenumber (cm™)

Temperature (°C)

Figure 2. (a) XPS survey spectrum of PEC (the inset shows the atomic % of various elements of PEC). (b) FTIR spectra and (c) TGA

thermograms under nitrogen atmosphere of PA, CS, and PEC.
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Figure 3. (a) Schematic illustration of the formation of PVA-PEC aerogels along with the photographic image of PVA-10%PEC aerogel. (b) XPS
survey spectra; (c) high-resolution C 1s spectra; and (d) WAXD patterns of PEC, pure PVA aerogel, and PVA-PEC aerogels.

The N 1s spectrum was deconvoluted into two peaks: 397.8
and 399.8 eV, corresponding to C—N and NH;* bonds. Also,
the deconvolution of the P 2p spectrum shows peaks
corresponding to P=O and P—O/(PO;)*~ bonds at 129.6
and 131.9 eV, respectively. The WAXD patterns (Figure S2)
show an amorphous structure for PA with a broad peak
between 15 and 35° and a semicrystalline structure for CS with
a sharp diffraction peak around 20°. The intensity of the
crystalline peak of CS reduced significantly in the PEC, which
indicates the reduction in the degree of crystallinity. Such a
situation has arisen because of the interaction of PA with CS,
which resulted in the breakage of intramolecular hydrogen-
bonding interactions between NH, and OH groups of CS."
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Figure 2¢ shows the TGA thermograms of CS, PA, and PEC
under a nitrogen atmosphere. The weight loss below 100 °C is
due to the removal of the absorbed water. PEC undergoes
early degradation, about 60 °C earlier than CS, and this
phenomenon in PEC is catalyzed by PA. Similarly, the
maximum degradation temperature is also lower in the case of
PEC. However, the thermal degradation of PEC yields
significantly higher char residue than CS. At 600 °C, the
residual char yield for CS is 32 wt %, whereas it is 49 wt % for
the PEC. The carbonization of CS got enhanced in the
presence of PA, which is advantageous when it comes to fire
safety applications. Integrating a carbon—nitrogen source like
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first heating and (d) cooling curves of PVA aerogel and PVA-PEC aerogels with different PEC loadings.

CS and a phosphorus-rich PA into a complex material could
effectively function as flame-retardant additives for polymers.
PEC-Incorporated Polymer Aerogels. As mentioned in
the Experimental Section, PVA aerogels were prepared with
different weight loadings of PEC, i.e., 5, 10, 20, and 30 wt %,
and a neat PVA aerogel (without the addition of PEC) was
also prepared for comparison. PVA is biodegradable by nature
and the entire synthesis (of both PEC and aerogel) was carried
out in the water as the only medium, making the whole process
and the end-product environmentally friendly. The availability
of plenty of reactive hydroxyl groups across the PVA surface
allows for the esterification between PVA and citric acid to
form cross-links between the polymer chains.”* Sometimes,
citric acid can react with the hydroxyl groups of PEC to form
cross-links between PVA and PEC, but the probability of such
an interaction is minimum. However, strong hydrogen-
bonding interactions are possible between PVA and PEC in
the water medium. The PVA-PEC hydrogels stabilized by both
covalent as well as noncovalent interactions were freeze-dried
to remove the solvent, and Figure 3a illustrates the entire
scheme of aerogel formation. The successful incorporation of
PEC into the PVA matrix was further confirmed from the XPS
survey spectrum, as shown in Figure 3b. The approximate
elemental composition of neat PVA and PVA-30%PEC
aerogels is C—62.2% and 0—37.8%, and C—51.3%, O—
44.3%, N—3.4%, and P—1.0%, respectively. Figure 3c shows
the high-resolution C 1s spectra of PVA-30%PEC and neat
PVA aerogels. The intensity of the C—C band decreased, and
that of the C—O band increased in the PVA-30%PEC aerogel
compared with neat PVA aerogel. The addition of PEC to the
polymer matrix brought more oxygen-containing moieties to
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the system, and therefore, the oxygen content in the PVA-PEC
aerogel increased. Also, the peaks shifted to lower binding
energies, i.e., from 284.6 to 283.3 eV for the C—C bond and
286.1 to 284.8 eV for the C—O bond, indicating the reduction
in bond strengths, which is evidence for PVA-PEC
interactions. A similar observation was made in the case of
high-resolution O 1s spectra also (Figure S3a). PEC dispersion
in the aerogel is so excellent that clear peaks were obtained for
PVA-30%PEC aerogel in the high-resolution N 1s and P 2p
spectra (Figure S3b). WAXD patterns in Figure 3d further
exemplify the compatibility between PVA and PEC. The X-ray
diffraction peak corresponding to the PEC at lower 20 (~5°) is
not visible in the WAXD patterns of PVA-PEC aerogels till 20
wt % loading. However, at 30 wt % PEC loading, the lower
angle peak (~5°) started to come up in the aerogel, which is an
indication of the aggregation of PEC. Hence, we can conclude
that even at high loadings of PEC, excellent miscibility
between PVA and PEC was achieved.

FTIR spectra of neat PVA and PVA-20%PEC aerogels are
compared in Figure 4a,b. The peak at 1716 cm™" confirms the
successful esterification between PVA and citric acid as this
peak can be assigned to the carbonyl of the —COO— group.””
The intensity of the 1716 cm™ peak is low in the PVA-PEC
aerogel due to the presence of other reactive organic moieties,
which further confirms the above-mentioned point. There are
possibilities for the reactive amino groups in CS to form amide
linkages with citric acid, but the intense peak at 1540 cm™" in
PVA-20%PEC aerogel corresponding to the NH;" group
ensures that such a linkage is not present in the PVA-PEC
system. The peak at 1032 cm™" corresponding to the (PO;)*”
stretching confirms the ionic complexation between CS and
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Table 1. Mechanical and Thermal Properties of Various Aerogels Prepared in This Study

samples density (g/cm®) compression modulus (MPa)
PVA aerogel 0.055 0.45
PVA-10%PEC 0.057 1.24
PVA-20%PEC 0.060 1.5§
PVA-30%PEC 0.069 0.67

Tho% (OC) Tso% (OC) p (OC) residue (%)
241 281 465 4
204 330 452 11
166 331 456 18
201 384 450 33

PA even in the PVA-PEC aerogel. The IR absorption band at
1635 cm™ is a combination of carbonyl (Amide I) and O—P—
O stretching vibrations of PEC and hence is absent in PVA
aerogel. The —C—O stretching peak (1091 cm™) of PVA has
been shifted to a lower wavenumber, i.e., 1065 cm™! in PVA-
PEC aerogel, which may be due to the hydrogen bonds formed
between the free hydroxyl groups of PVA and PEC.

In Figure 4b, the PVA aerogel shows a single broad
absorption band at around 3298 cm™" and this peak is assigned
to the hydroxyl stretching vibration, whereas in the case of
PVA-20%PEC, this peak has shifted to 3280 cm ™" pertaining to
the enhanced hydrogen-bonding interaction between PVA and
PEC. The decrease in the intensity of —CH, asymmetric (2940
cm™") and symmetric (2907 cm™') stretching vibrations in
PVA-PEC aerogel also confirms the successful incorporation of
PEC into the PVA matrix. Figure 4c,d shows the DSC first
heating and cooling curves, respectively, of neat PVA and PVA-
PEC aerogels with different PEC loadings. In the first heating
curves, the broad endotherms around 80 °C are due to the
evaporation of moisture absorbed by the samples. The melting
temperatures were more or less the same (~230 °C) for all of
the samples. But it is worth mentioning here that, during
cooling from the melt, neat PVA aerogel undergoes
crystallization at around 210 °C and such melt crystallizations
were absent in all other samples (PVA-PEC aerogels). With
the addition of PEC to the PVA matrix, PVA chains are unable
to reorganize into crystallites due to the strong interactions
induced by the PEC. This observation also indicates the fact
that cross-linking interactions (covalent and noncovalent) are
persisting within the PVA-PEC aerogels.

Aerogels were prepared using 5 wt % PVA solutions, and the
PEC loading was calculated with respect to the dry weight of
the polymer. All of the aerogel samples exhibited relatively low
density ranging from 0.055 to 0.069 g/cm®. The density of neat
PVA aerogel was 0.055 g/cm’, and the addition of PEC
resulted in only a slight increase in density; for 20 wt % PEC
loading, the density is ~0.06 g/ cm’. This indicates the
lightweight nature of the prepared aerogels. Interestingly, these
aerogels were highly flexible and could be made in or cut into
any shape (Figure S4a). However, during compression
experiments, these aerogels exhibited an irreversible buckling
behavior and were converted to dense solids without any
disintegration of the samples, similar to syndiotactic poly-
styrene aerogels.' > Figure S4b gives the compressive stress—
strain curves for neat PVA and PVA-PEC aerogels, and their
deformation behavior is similar to that of a typical honeycomb-
like open-cell foam.*” The compressive moduli of the samples
were calculated from the slope of the linear elastic region of the
stress—strain curves and are tabulated in Table 1. As observed
in Figure S4b, the compressive strength of PVA aerogels is
enhanced with the incorporation of PEC. The compression
modulus increased to 1.55 MPa in PVA-20%PEC aerogel
compared to 0.45 MPa of neat PVA aerogel. This is mainly
attributed to the strong interaction as well as the excellent
miscibility between PVA and PEC in the aerogel system.
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However, on further increasing the PEC content (30%), the
compression modulus dropped down to 0.67 MPa, which may
be due to the structural instability induced by the
agglomeration of PEC particles, as indicated earlier in the
WAXD pattern of PVA-30%PEC aerogel (Figure 3d). At 30%
PEC loading, the PVA concentration is not enough to
uniformly bind the PEC particles within the matrix, which
resulted in the agglomeration. Higher loadings of inorganic
additives such as clay, silica, etc. can sometimes better enhance
the compression strength of PVA-based aerogels, but at the
expense of the low-density nature.”****° In this work, we could
obtain an excellent balance between the density and
mechanical strength of aerogels, which is not so easy to attain.

The surface morphologies of PVA and PVA-PEC aerogels
with different PEC concentrations are shown in Figure SS. The
SEM images revealed that all of the aerogels have a layered
structure that accompanied the ice crystal growth direction.
With the incorporation of PEC, the distance between the PVA
layers has changed slightly, and as shown in the magnified
images, the pore size and distribution were also modified. The
ice template method allows the polymer chains as well as the
fillers to concentrate at the grain boundaries of the ice
crystals,”® and therefore, the morphology remained more or
less similar in all of the samples, and it could be assumed that
PECs remain on the PVA layers. The neat PVA aerogel is
extremely hydrophilic, thanks to the chemical structure of PVA
with enormous surface OH functional groups, and we could
not measure the water contact angle (WCA) as the water
droplets were not stable on the surface. Upon contact with the
surface, the droplets were immediately absorbed by the PVA
aerogel. However, when PEC was introduced into the system,
the WCA of the aerogels improved slightly, as shown in Figure
S6. The WCA values obtained for aerogels with S, 10, 20, and
30% PEC loadings were 27.2, 26.9, 29.4, and 27.1° (£1.5°),
respectively. This might be due to the reduction in the number
of free surface hydroxyl groups on PVA-PEC aerogels in
comparison with pure PVA aerogel because of the extensive
hydrogen-bonding interactions. All of these aerogels are highly
moisture-sensitive and can absorb moisture from the
surroundings. Therefore, the aerogels were stored in a
desiccator for further characterization.

The thermal degradation behavior and the thermal stability
of PVA-PEC aerogels were investigated in nitrogen atmos-
phere using TGA, and the results are given in Figure 5 and
Table 1. Ty Tsooy and Ty, are the temperatures at which
10%, 50%, and maximum weight loss occur, respectively. In all
of the samples, almost 10% of the weight was lost below 100
°C due to the removal of the absorbed moisture, which
indicates the moisture sensitivity of the prepared aerogels.
Apart from the initial water loss, the degradation of neat PVA
aerogel occurs in two stages, as shown by the two weight loss
steps. The first step is the decomposition of the hydroxyl
groups of PVA, which occurs in a temperature range of 220—
350 °C. The polymer backbone decomposition takes place at
the later stage, beyond 350 °C. However, in the case of PVA-
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Figure S. TGA thermograms of PVA and PVA-PEC aerogels obtained
at a heating rate of 10 °C/min.

PEC aerogels, PEC catalyzed the early degradation of PVA.
The weight loss starting at ~200 °C in PVA-PEC aerogels is a
combination of PEC decomposition and the PVA dehydrox-
ylation catalyzed by the phosphorus-containing moieties from
PEC. After the incorporation of PEC, the thermal stability of
the aerogels enhanced significantly, as evident from the Ty
values. Ty increased from 281 °C for neat PVA aerogel to
348, 330, 331, and 381 °C for PVA-S%PEC, PVA-10%PEC,
PVA-20%PEC, and PVA-30%PEC aerogels, respectively, i.e.,
nearly 100 °C enhancement upon addition of 30% PEC. The
char residue also increased with the increase in PEC content,
from 4% (neat PVA aerogel) to 33% (PVA-30%PEC aerogel).
This indicates the better char forming ability of PVA-PEC
aerogels compared with neat PVA aerogel at higher temper-
atures. Thus, we can conclude that the introduction of PEC
(rich in N, P, and C elements) into the PVA matrix can
substantially enhance the thermal stability of the aerogels and
induce greater carbonaceous char residues, which may act as a
protective layer during the combustion of the aerogels.

The porous structure of PVA-based aerogels renders good
sound absorption capability to them. In Figure 6, the normal
incident sound absorption coefficients of various aerogel
samples are plotted as a function of frequency and all of the
samples exhibited good absorption coefficients in the mid-
frequency range. Neat PVA aerogel absorbed more than 80%
of the incident sound waves consistently between 2400 and
3100 Hz with a maximum of 94% at around 2700 Hz. The
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Figure 6. Normal incident sound absorption coefficients of PVA and
PVA-PEC aerogels in the frequency range of 1700—3600 Hz.
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incorporation of PEC did not alter the general absorption
characteristic of the PVA aerogel, though slight differences are
observable in the case of PVA-20%PEC and PVA-30%PEC
aerogels. In the PVA-30%PEC aerogel, the maximum
absorption shifted slightly to the higher-frequency side
(3000—3500 Hz), whereas it shifted to lower frequencies for
the PVA-20%PEC aerogel. The curve of the PVA-10%PEC
aerogel is almost superimposed with that of neat PVA aerogel.
The similarity in the morphology of neat PVA and PEC-
incorporated PVA aerogels (due to the ice templating)
contributes to the similar trend in their sound absorption.
The efficient absorption of sound waves in the mid-frequency
range by these highly porous monoliths can be attributed to
the tortuosity in the sound propagation path and multiple
internal reflections at the cell walls generated by the highly
porous network structure, which effectively attenuate the
sound waves.””"’

Combustion Behavior. Horizontal burning tests and
limiting oxygen index (LOI) measurements were carried out
for the preliminary estimation of the flame retardant behavior
of the prepared aerogels. LOI is the minimum concentration of
oxygen in the atmosphere that is required to sustain the
combustion of a sample after ignition®® and the results of the
LOI test are provided in Table 2. Figure 7 shows the results of
the horizontal burning tests conducted on each sample. The
videos of the burning tests are also provided in the Supporting
Information (Movies S1, S2, S3, and S4). The LOI value
obtained for neat PVA aerogel was ~19.6%, and it increased
with the increase in PEC content in PVA-PEC aerogels; the
maximum value obtained is ~28% at 30% PEC loading. As
shown in Figure 7, PVA aerogel readily catches fire (within 2 s)
and continues to burn vigorously even after removing the flame
source. In addition, it shows dripping of particles, which are
further inflammable, and the 8 cm long sample completely
burned down within 140 s leaving behind a black residue. PEC
has definitely modified the flammability behavior of PVA
aerogels. PVA-10%PEC aerogel took 12 s to catch fire on
ignition with a butane flame, and it was able to self-extinguish
the fire in 100 s. Half of the sample was burned before the fire
extinguishment, and no melt dripping was observed. Flame
retardancy of the aerogels got better and better with the
increase of PEC content. The time taken to ignition for PVA-
20%PEC aerogel was 15 s, and the flame got extinguished itself
in 15 s. The best result was obtained for PVA-30%PEC
aerogel, for which the time to ignition was 32 s and the time to
extinguishment was 10 s. Hardly any sample got burned, i.e.,
the sample remained intact and intense charring occurred at
the point of contact with the flame, as shown in Figure 7.

For the quantitative estimation of the flammability
characteristics of the aerogels, microscale combustion calorim-
etry (MCC) was used. The important parameters obtained
from this method are the heat release rate (HRR) and total
heat release (THR), and their estimation is based on the
oxygen consumption during the burning process. HRR is the
prime property to be considered in this context since the rate
at which heat is released by a material during burning can
significantly contribute to the fire growth and its spreading.®
Other key parameters such as heat release capacity (HRC),
peak heat release rate (PHRR), and time to peak heat release
rate (TTPHRR) can also be obtained, which are listed in Table
2. Figure S7a differentiates between the HRR curves of neat
PVA and PVA-PEC aerogels, where HRR is plotted as a
function of temperature. For neat PVA aerogel, the HRR value
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Table 2. Flame-Retardant Parameters Estimated from LOI and MCC Tests and Water Contact Angles of the Aerogel Samples

Prepared in This Study

sample LOI (%) PHRR (W/g) TTPHRR (s) THR (kJ/g) HRC (J/gK) WCA (deg)
PVA aerogel 19.6 + 0.3 195 270 19.67 295
SilPVA aerogel 21.8 + 0.4 139 361 14.67 205 126.5 + 1.5
PVA-10%PEC 22.1 + 0.3 121 402 15.47 199 269 + 1.5
SilPVA-10%PEC 24.6 + 0.6 139 411 13.60 143 133.1 + 1.5
PVA-20%PEC 25.6 + 0.3 95 416 11.20 145 294 + 1.5
SilPVA-20%PEC 269 + 0.4 140 404 12.53 134 1342 + 1.5
PVA-30%PEC 27.9 + 0.7 116 423 13.60 207 27.1 + 1.5
SilPVA-30%PEC 312 + 0.3 103 415 10.50 100 1364 + 1.5

PVA aerogel

PVA-10%PEC

PVA-20%PEC

Figure 7. Photographs showing the burning behavior of PVA and PVA-PEC aerogels during the horizontal burning tests conducted using a butane
flame. The images at different times during the burning process show the excellent flame retardant and self-extinguishing behavior of PVA-PEC

aerogels.

increases sharply after 200 °C and reaches its peak (195 W/g)
at around 280 °C. Between 400 and 500 °C, another small
peak was obtained, which indicates the multistep thermal
degradation of PVA aerogel. However, in PVA-PEC aerogels,
there was a slight shift in the HRR curves towards the high-
temperature side, which may be due to the enhanced thermal
stability of PEC-incorporated PVA aerogels. Also, the HRR
values were significantly reduced in the PVA-PEC aerogels,
particularly in the temperature range of 250—360 °C in
comparison with the neat PVA aerogel. From 195 W/g for
PVA aerogel, the PHRR drastically decreased to 95 W/g for
PVA-20%PEC, which is a clear indicator of the enhanced flame
retardant properties after the addition of PEC to the PVA
matrix. During the burning of PVA aerogel, plenty of
hydrocarbon volatiles are released into the flame at the initial
stage of degradation, i.e., during the decomposition of hydroxyl
groups, which results in the generation of a lot of heat.”” But in
the case of PVA-PEC aerogels, due to the action of PEC,
flammable volatiles are least produced during the first stage
(250—360 °C) of decomposition. This resulted in the lowering
of the HRR of PVA-PEC aerogels initially. However, the peak
values of HRR curves for PVA-PEC aerogels were obtained
between 400 and 500 °C, which manifests the fact that
maximum flammability and flashover potential of PVA-PEC
aerogels were reached in the second step of degradation.
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Therefore, the TTPHRR values were increased from 270 s in
PVA aerogels to 402, 416, and 423 s in PVA-10%PEC, PVA-
20%PEC, and PVA-30%PEC aerogels, respectively. The
carbonaceous layer formed during the initial degradation step
acts as a barrier to prevent the underlying material from
burning. Thus, we can conclude that the results from MCC
measurements support the results obtained by LOI measure-
ments and horizontal burning tests (UL 94) and the PVA
aerogels attained excellent flame retardancy in the presence of
PEC.

Hydrophobic Surface Modification of Aerogels and
Their Performance Comparison. The moisture sensitivity
as well as the highly hydrophilic nature of PVA-based aerogels
is a hurdle for their practical usage. By engineering the surface
chemistry of materials, hydrophobic or even superhydrophobic
surfaces could be obtained. Following this concept, we
performed a simple surface silanization using methyltrichlor-
osilane by thermal chemical vapor deposition (CVD) on the
aerogels. After the silanization reaction in the presence of
water, a hydrophobic silicone coating was formed over the
aerogel surface.”> CVD using silane is a well-known strategy for
making hydrophobic surfaces.””**®" Although methyltrichlor-
osilane was used for surface modification, no chlorine elements
were introduced onto the surface-modified aerogels. On
coating the aerogels using hydrophobic methyl groups, as we
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have done here, the WCA enhanced significantly, as given in
Table 2. All of the aerogel samples became highly hydrophobic,
and the maximum value of WCA, ie, 1364 + 1.5°, was
obtained for PVA-30%PEC aerogel, as shown in Figure 8a.

(a)

SilPVA-30%PEC

—PVA-30%PEC
—— SilPVA-30%PEC|

(b)

% Transmittance

S/-0-Si
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Figure 8. (a) Image showing the WCA of PVA-30%PEC aerogel after
the surface silane treatment. The contact angle has increased from
~27 to ~136°. (b) FTIR spectra of PVA-30%PEC aerogel before and
after silane modification.

Hereafter, the silane-modified aerogels will be denoted with Sil
in front, for example, silanized PVA-30%PEC aerogel is
denoted as the SilPVA-30%PEC aerogel. The successful
formation of silicone coating over the aerogel surfaces was
confirmed using FTIR spectroscopy (Figure 8b). The peaks at
1269, 1028, and 775 cm™! correspond to C—Si—0, Si—0—-C,
and Si—O—Si bonds. To our surprise, the aerogels after surface
modification showed excellent water adhesion properties along
with hydrophobicity. The water droplet did not fall down even
after turning the aerogel surface upside down, and Figure S8a
demonstrates the water adhesion property of SilPVA-30%PEC
aerogel. Water droplets as big as 43 uL could be tightly pinned
and suspended upside down from the aerogel surface (Figure
S8b), which further illustrates the above-mentioned property.
Such a sticky hydrophobicity could possibly be because of the
surface morphology of the coated aerogels, which shows
numerous protrusions, micro wrinkles, and folds, as shown in
Figure S8c. As a result, the water droplets cannot directly
contact the cellular surface of the aerogels but can penetrate
the pores to some extent, and this leads to the Cassie
impregnating wetting state.”°* Thus, we can conclude that the
micro-roughness of the surface, together with the low surface
energy of the silicone coating, leads to the rose petal-like
nature in surface-modified aerogels. It was also observed that
the compression strength measured for the surface-modified
PVA-PEC aerogels was more or less the same as that of the
unmodified aerogels (Figure S4c).

The surface modification of aerogels had a significant
influence on their thermal and flammability properties. The
TGA thermograms in Figure S9 compare the thermal stability
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of PVA-PEC aerogels before and after the silanization process.
The silane-coated aerogels showed better thermal stability than
the uncoated ones, as evident from the improved Ty, values.
Tso9 for PVA-10%PEC and PVA-20%PEC aerogels were 330
and 331 °C, respectively, whereas the same for SilPVA-10%
PEC and SilPVA-20%PEC are 402 and 405 °C, respectively.
There is a clear-cut elevation in the thermal stability, which
could be attributed to the hindrance of PVA backbone
decomposition due to the covalent association between PVA
and silane.’”°! Also, the surface modification of aerogels
reduced their moisture sensitivity, as evident from the lower
weight loss % below 100 °C for SilPVA-10%PEC and SilPVA-
20%PEC aerogels (Figure S9).

Similarly, the antifire performance of all of the samples has
been improved further upon surface modification, as evident
from Figure S10, which demonstrates the horizontal burning
test of SilPVA-30%PEC aerogel. We could observe that the
moment the flame source was removed, the fire got
extinguished and a charred layer was formed on the aerogel
surface. Complimentary results were obtained for SilPVA-PEC
aerogels from the MCC tests. The HRR peak around 300 °C
was almost nullified in the case of SilPVA-PEC aerogels
compared to the unmodified aerogels (Figure S7b). This is
because the silane coating has delayed the decomposition of
the organic moieties of the aerogels, resulting in lower heat
generation. However, at higher temperatures (400—500 °C),
peak HRR values similar to the unmodified aerogels were
reached probably because of the degradation of the organics.
From Table 2, it is clear that the LOI values have increased
significantly after the silane coating, even for the neat PVA
aerogel. LOI as high as 31.2% was marked for SilPVA-30%PEC
aerogel and the parameters such as PHRR, THR, and HRC
were very low for the silylated aerogels. However, for SilPVA
aerogel, i.e., silane-modified PVA aerogel without PEC, LOI
and PHRR were 21.8% and 139 W/g, respectively. Thus, it was
proved that the synergistic effect of PEC and the silane coating
could not only retard the moisture sensitivity of PVA-based
aerogels but also enhance their thermal stability and flame
retardancy to a great extent.

B CONCLUSIONS

In summary, a sustainable organic antifire filler prepared from
CS and PA by ionic complexation was employed for the
fabrication of PVA hybrid aerogels by an environmentally
friendly freeze-drying technique using water as the only
medium. Aerogels with different weight loadings of PEC
were prepared, and their properties were compared with that of
neat PVA aerogel. The successful interactions between PVA
and PEC and the subsequent excellent miscibility between
them resulted in the enhanced mechanical and thermal
properties of PVA-PEC aerogels. The aerogels exhibited very
low density (~0.06 g/cm®) and high compressive modulus
(~1.5 MPa) at the same time. The early degradation in PVA-
PEC aerogels catalyzed by the PEC resulted in higher char
yields as well as the enhanced thermal stability of aerogels.
Depending on the PEC content, the aerogels showed
maximum sound absorption (~90%) at different frequency
ranges. Burning tests, LOI measurements, and MCC analysis
together demonstrated the excellent flame-retardant behavior
of PVA aerogels after the PEC incorporation. The LOI value
increased from ~19 to ~28% as the PEC content increased
from 0 to 30%, and all of the PVA-PEC aerogels exhibited self-
extinguishment of flame. The delayed degradation of PVA and
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the intense char layer formed due to the action of PEC resulted
in the improved flame retardancy of aerogels. To overcome the
hydrophilic nature of the prepared aerogels, surface silane
treatment was carried out by a simple CVD method. The
surface-modified aerogels showed a combination of hydro-
phobicity (WCA ~136°) and water adhesion properties due to
the specialty in the surface morphology, and their thermal
stability and flame retardancy were improved further. The
multifunctional properties of the sustainable aerogels prepared
in this study indicate that these materials have broad
application prospects, particularly as structural and sound
insulating materials.
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ABSTRACT: The demand for biodegradable polymer-based  PLLA/PDLA Blend Gel (sform)
aerogels with superior comprehensive properties has escalated in : N
various fields of application, such as packaging, tissue engineering,
thermal insulation, acoustic insulation, and environmental
remediation. In this work, we report a facile strategy for enhancing TN Freezee
the thermal and mechanical properties of polylactide (PLA)
aerogels through the stereocomplex (SC) formation between the
opposite enantiomers. Thermoreversible gelation of poly(L-lactide)
(PLLA)/poly(p-lactide) (PDLA) blend in crystal complex forming 4 ¥ P

solvent and the subsequent thermal annealing of the gel resulted in Stereocomplex Gel Stereocomplex Aerogel (SC)
crystalline pure SC gel, which, upon solvent exchange with water

and freeze-drying, furnished robust SC aerogel. It was found that the SC content could be tuned by varying the annealing
temperature of the blend gel and that we could prepare blend aerogels with pure a crystalline form and a mixture of @ and SC.
Crystalline pure blend o aerogel showed fibrillar morphology, whereas SC aerogel exhibited unique interwoven ball-like
microstructures interconnected by PLLA and PDLA chains. The structural evolution during SC formation at the molecular level and
the micrometer length scale instigated better properties in the PLA aerogels. When compared with the homopolymer aerogels, the
crystalline pure SC aerogel showed an enhanced melting temperature of 227 + 2 °C (50 °C higher), better thermal stability (onset
of degradation was delayed by ~40 °C), enhanced mechanical strength (compression modulus of 3.3 MPa), and better sound
absorption ability. The biodegradability of PLA and the superior properties induced by stereocomplexation make these aerogels
potential candidates for applications such as tissue engineering scaffolds, packaging, acoustic insulation, etc.

Blend Aerogel (a form)

KEYWORDS: polylactide, stereocomplex, crystal complex, aerogel, solvent exchange, freeze-drying

B INTRODUCTION exclusive SC formation in the high molecular weight PLLA/
PDLA blends. It was reported that the content of SC is
sensitive to several factors, such as chain entanglements, chain
diffusion, chain mobility, optical purity, and the mixing level of
PLLA/PDLA.' 115202329733 15 the conventional route, SC
formation was achieved by melt blending and subsequent
annealing of the blend at temperatures near the melting
temperature of homopolymers.””** However, no attempts
were made to prepare the exclusive SC aerogels, as this
procedure involves gel formation and subsequent solvent
extraction.

Semicrystalline polymers are known to form thermorever-
sible gels through crystallization, where the small crystallites
constitute the physical cross-links (junction zones) of the
three-dimensional polymer networks.**™** In certain polymers,

Aerogels based on biodegradable polymers are the future of
lightweight materials due to their comprehensive mechanical
properties, easy processability, facile tunability, and environ-
ment-friendliness.' > Among biopolymers, poly(r-lactide)
(PLLA) and poly(p-lactide) (PDLA), are versatile and are
commercially available. The aerogels of these polymers show
great potential to replace fossil-based, nondegradable polymer
aerogels and foams for different applications, from scaffolds for
tissue regeneration to biodegradable packaging.*™® Stereo-
complexation has been an efficient strategy for enhancing
polylactide (PLA) properties, either in bulk or in aerogels/
foams.””~*° Blending the enantiomeric PLAs with the opposite
enantiomer can introduce stereocomplex (SC) crystallites,
resulting in enhanced crystallinity, thermal properties, and
mechanical properties.”””*° The SC formation in PLA mainly
depends on the molecular weights of the homopolymers. Low Received:  November 25, 2022
molecular weight polymers (below 20,000 Da) readily favor Accepted:  January 19, 2023
the SC formation.'****"*” However, homopolymer crystal- Published: January 31, 2023
lization dominates over the SC formation for PLLA/PDLA

blends with high molecular weight polymers (above 20,000

Da).!#?%?1%% Several strategies have been developed for the
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Figure 1. WAXD patterns of various (a) gels after the solvent exchange with water and (b) aerogels (gels after freeze-drying).

such as syndiotactic polystyrene (sPS) and poly(phenylene
oxide) (PPO), the gelation solvent can form crystal complexes
with polymers, that is, the polymer accommodates solvent
molecules within its crystal lattice.*****"**~* Similar to sPS
and PPO, polylactides (PLLA and PDLA) are also known to
form crystal complexes (e-form) in certain solvents like N,N-
dimethylformamide (DMF), tetrahydrofuran, cyclopentanone
(CPO), and so forth."¥*7>! PLLA has been demonstrated to
form & gel readily on cooling the polymer solution in DMF to
below 0 °C. Matsuda et al. reported that the gelation of PLLA
was induced by the solvents that form crystal complexes (&
crystals), and no such gel formation was observed in the
solvents that cannot form PLLA crystal complexes.”” These
thermoreversible gels undergo a phase transition upon heating
to form stable a-form gels at moderate temperatures. Even
though much work has not been done on PDLA crystalline
complexes, the same behavior was reported for PDLA in
DME." & gels of PLLA or PDLA could be converted to
aerogels by extracting the gel solvent using techniques like
supercritical drying or freeze-drying. However, the direct
removal of organic solvents using these methods is tricky due
to the high critical temperatures/pressures or low freezing
points. Therefore, solvent exchange strategies should be
adopted to facilitate the easy removal of gel solvents.>>’
Matsuda et al. showed that DMF in PLLA & gel is readily
exchangeable with water without the disintegration of the gel
network, and in the resultant gel, € crystals transformed to o
crystals bereft of any morphological changes.*” However, there
are no reports on homopolymer aerogels obtained by this
method.

Though there is some understanding of the gel formation of
homopolymers, the blending of PLLA and PDLA in crystal
complex forming solvents for the preparation of aerogels has
never been explored. Recent reports on SC PLA aerogel used
1,4-dioxane as the solvent for blending the enantiomers of
PLA.”** The blend solution was frozen and then freeze-dried
to obtain the aerogels. It has to be noted that 1,4-dioxane does
not induce typical thermoreversible gelation of PLA; hence,
the resultant aerogels suffer from poor crystallinity. Praveena et
al. tried the gel formation of PLLA/PDLA blends in DMF in
the quest of SC crystallization and found that PLLA and PDLA
chains in the blend gel crystallized independently into the
corresponding crystal complexes (e-form) rather than into the
sc.® Although the SC formation was well studied in bulk,
many questions are left unanswered in understanding the SC
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formation in gels and aerogels. For example, is it possible to
obtain pure SC gel without homopolymer crystals by blending
PLLA and PDLA? Is it possible to convert the SC gel to SC
aerogel without structural reorganization during solvent
extraction? What happens to the structure of the blend gel in
a hierarchical length scale on solvent extraction? So far, no one
has attempted to answer the abovementioned questions, as gel
formation and solvent exchange resulted in the structural
change of PLAs.

In this work, we propose a simple strategy for the
preparation of SC aerogels with crystalline purity by blending
PLLA and PDLA in DMF. The PLLA/PDLA blend gel on
solvent exchange with water resulted in the a-form gel, which,
upon freeze-drying, furnished a-form aerogel. In order to
instigate the chain diffusion and the alternate packing of the
enantiomeric chains, the blend & gel was thermally annealed at
70 °C. As a result, SC gel (without homocrystals) was
obtained, which was then converted to aerogel by solvent
exchange and freeze-drying. The degree of crystallinity was
enhanced and unique morphologies were generated when the
enantiomeric chains co-crystallized into the SC. These
hierarchical structural changes resulted in the enhancement
of the thermal, mechanical, and surface properties of aerogel.

B RESULTS AND DISCUSSION

The PLLA/PDLA (1:1) blend gel was prepared by
homogeneously mixing the equimolar PLLA and PDLA
solutions prepared in DMF and cooling the mixed solution
to below 0 °C. Similarly, homopolymer gels were also
prepared. The total polymer concentration in the solution
was 10 wt % in all the cases. The blend gel, similar to the PLLA
and PDLA gels, crystallized into the e-form with PLLA and
PDLA chains adopting 10, helical conformations and
accommodating DMF molecules within the orthorhombic
lattice (26 = 9.8° (111), 11.9° (200), 14.1° (020), 15.7° (121/
114), 18.5° (123), 19.5° (223), 20.8° (116), and 23.8°
(117)).*” These gels were quite stable for a long duration even
at room temperature, as evident from the wide-angle X-ray
diffraction (WAXD) patterns in Figure S1. The gel solvent
(DMF) of the blend as well as the homopolymer ¢ gels were
exchanged with water (with a higher freezing temperature (0
°C) than DMF (—61 °C)) before the freeze-drying process to
ease the solvent removal and obtain aerogels with negligible
size reduction. However, solvent exchange resulted in a phase
transition from é&-to-a form through a local disorder in the

https://doi.org/10.1021/acsapm.2c02041
ACS Appl. Polym. Mater. 2023, 5, 1556—1564


https://pubs.acs.org/doi/suppl/10.1021/acsapm.2c02041/suppl_file/ap2c02041_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c02041?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c02041?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c02041?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c02041?fig=fig1&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.2c02041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials pubs.acs.org/acsapm
3 —W 8 /_\13"05(7);/\ 8
c ' ] c ) c
g Al ‘ h: o (a) ‘ E : 1293 (@) g 1757 17:47
< morphous s 1306 (SC) H
: —— PDLA o aerogel 908 (SC) :\: —— PDLA a aerogel ; —— PDLA «a aerogel
° ——PLLA o aerogel —— PLLA a aerogel —— PLLA a aerogel
—— Blend a aerogel —— Blend « aerogel —— Blend a aerogel
—— Blend a +SC aerogel —— Blend a +SC aerogel —— Blend a +SC aerogel
—— SC aerogel —— SC aerogel —— SC aerogel
960 940 920 900 1330 1320 1310 1300 1290 1280 1780 1760 1740 1720 1700

Wavenumber (cm™)

Wavenumber (cm™')

Wavenumber (cm™')

Figure 2. FTIR spectra of various aerogels in the regions of (a) 880—980, (b) 1280—1330, and (c) 1700—1800 cm™".

helical conformation within the crystal lattice following the
solvent desorption from the crystal lattice to the amorphous
region. The WAXD patterns of the PDLA, PLLA, and PLLA/
PDLA blend gels after the solvent exchange (Figure la (A—
C)) show characteristic reflections of the a-form (20 = 16.7°
(200/110) and 19.1° (203)).” Note that the PLLA/PDLA
ratio in the blends is 1:1 throughout the entire work. The
crystalline form of PLA is stable, and therefore, solvent
extraction from the gels resulted in a-form aerogels, as shown
in Figure 1b (A—C). The degree of crystallinity of the obtained
PLLA, PDLA, and PLLA/PDLA « aerogels was S1 + 2, 49 +
2, and 47 + 2%, respectively.

Variable temperature WAXD studies of the PLLA/PDLA
blend ¢ gel (Figure S2a) show that on heating the gel, the &
form transformed to the a-form around 45 °C (this is an
irreversible transition), and simultaneously, some of the
disordered PLLA and PDLA chains reorganized to form SC
crystals. Further heating resulted in the melting of a crystals
(destabilization) and the formation of highly stable SC gel by
chain reorganization. It has to be noted that the contents of the
a and SC crystals remain the same after annealing the blend
gel just above the £-to-a transition temperature (S0 °C) for
250 min (Figure S2b). These experiments suggested that
annealing the blend gel at 70 °C is crucial because the
crystals are quite stable below this temperature. Based on the
abovementioned observations, we planned two experiments. In
the first experiment, we annealed the blend € gel just above the
&-to-a transition temperature (50 °C) for S min, cooled it back
to room temperature, and then aged it at < 0 °C for 12 h. The
WAXD pattern (Figure S3) of the resultant gel shows new
reflections at 20 = 11.9° (110), 20.8° (300/030), and 24.0°
(220) along with the characteristic reflections of the a-form.
The new peaks correspond to the SC crystals and this mixed o
+ SC structure prevailed even after the solvent exchange
(Figure 1a (D)). At ~50 °C, as discussed earlier, the solvent
molecules from the crystal lattice of the & form are ejected to
the amorphous phase, and some of the disordered PLLA and
PDLA chains come close to each other due to the activated
mobility. As a consequence, the & crystals reorganize to form a
crystals, and a fraction of the disordered chains reorganize into
SC. The same crystal structure was retained in the aerogel, as
shown in Figure 1b (D). In the second experiment, thermal
annealing of the blend & gel was carried out at around 70 °C.
At this temperature, the whole of PLLA and PDLA «a crystals
(formed at 50 °C) melted, and the polymer chains achieved
enough mobility and diffusion ability to discover opposite
chains for the reorganization into SC crystals (3; helical
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conformation) (Figure $3).'° SC form shows the highest
stability among all the crystalline forms of PLA, and therefore,
the SC gel formed by the abovementioned experiment retained
its crystal structure even after the solvent exchange (Figure la
(E)) and solvent removal (Figure 1b (E)). Thus, we prepared
pure SC crystalline PLA aerogels by thermally annealing the
PLLA/PDLA blend ¢ gel at ~70 °C for a short duration (10
min) followed by solvent exchange with water and freeze-
drying. It has to be noted that thermal annealing of the blend e
gel did not affect the gel stability, and no dimensional changes
were observed after the annealing process. Freeze-drying
resulted in only negligible shrinkage (~3%), and all the
aerogels prepared in this study had a total porosity of ~90%.
SC aerogel exhibited the highest degree of crystallinity of 54 +
2%.

The successful formation of aerogels with various crystalline
forms was further confirmed by Fourier transform infrared
(FTIR) analysis. The IR spectral region between 880 and 980
cm™ corresponds to the r(CH;) + v(C—COOQ) vibrational
modes, which are sensitive to the chain packing mode of
PLA.°**" Similarly, another IR region, 1280—1330 cm™!
corresponding to the §,(CH;) + 8(CH) + »(C-0-C)
vibrations was also found to be helpful in distinguishing
between different structural forms of PLAs.”"*Figure 2ab
shows explicit spectral differences between the a-form (blend
and homopolymers) aerogels and the SC aerogel. The latter
exhibits a peak at 908 cm™, which is absent in all the a-form
aerogels. The 921 cm™ band is the characteristic band of the
a-form,"®"**” and it was absent in the SC aerogel (Figure 2a).
In the other spectral region (1280—1330 cm™) also, the peak
positions were quite different for SC (1306 and 1318 cm™)
and a-form (1293 and 1305 cm™') aerogels, as shown in
Figure 2b. These observations substantiate the results obtained
from the WAXD studies and confirm the crystal structure of all
the aerogels prepared in this study. Figure 2c shows the
carbonyl stretching region of various aerogels. Homopolymer
and blend a-form aerogels showed identical carbonyl
stretching frequencies (1757 cm™"); however, in SC aerogel,
there is a shift in the stretching peak towards the lower
wavenumber (1747 cm™), which is attributed to the
conformational change (from 10, to 3;) of PLA chains and
the strong interactions between the PLLA and PDLA chains.
As expected, the a + SC aerogel exhibited two stretching
frequencies in the intermediate region between 1757 and 1747
cm™!, corresponding to the @ and SC forms of PLA.

The homopolymer aerogels melted around 176 + 2 °C, as
shown in the differential scanning calorimetry (DSC) thermo-
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Figure 3. (a) DSC first heating curves and (b) TGA thermograms of various aerogels at a heating rate of 10 °C/min.

Figure 4. SEM images (magnification X25,000) of (a) PDLA, (b) PLLA, (c) blend a-form, and (d) SC aerogels.

grams (Figure 3a (A, B)). The SC aerogel exhibited a higher
melting temperature (227 + 2 °C), and no homopolymer
melting was observed in this case (Figure 3a (E)), which is
absolute proof of the crystal purity of the prepared SC aerogel.
However, in the blend a-form aerogel, endotherms corre-
sponding to the melting of both a and SC crystals were
observed in the DSC. This is because, just after melting all the
a crystals, the disordered PLLA and PDLA chains in the blend
aerogel attain sufficient mobility to form SC crystals.'””*” Pan
and co-workers reported that the entanglements degree in
freeze-dried samples play a crucial role in SC crystallization.>”
We speculate here that the lesser chain entanglements in
aerogels are responsible for the reorganization of molten chains
into SC just above the melting of & crystals, which is different
from the bulk samples.'®* The endotherm (& crystal melting)
followed by a small exotherm in Figure 3a (C) is characteristic
of such polymer chain reorganization and crystal to crystal
transition."®>” It has to be noted that in the case of a + SC
aerogel, no such exotherm following the first endotherm was
observed (Figure 3a (D)) due to the low contents of the a
crystals in the starting sample. The thermal stability of the
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aerogels was also enhanced upon SC formation, as shown in
Figure 3b. The temperature at 50% weight loss (Tsg) for
PLLA, PDLA, blend a-form, a + SC, and SC aerogels are 316,
322, 329, 337, and 343 °C, respectively. In the case of PLLA/
PDLA blend aerogels, the pure crystalline forms (a-form and
SC) exhibited better thermal stability than the assorted (a +
SC) form.

PLLA and PDLA aerogels displayed typical interconnected
fibrillar network morphologies, as shown in the scanning
electron microscopy (SEM) images (Figure 4ab). Trans-
mission electron microscopy (TEM) image of PLLA xerogel
(gel which is dried under ambient conditions) also shows
similar morphology (Figure S4a). However, in the blend a-
form aerogel, some of the polymer fibers agglomerated into
dense spherical bundles (Figures 4c and S4b), and these
globular species displayed a randomly scattered distribution on
the fibrillar network, as given in Figure SS. However, in this
case, the microstructure is more of the homopolymer structure,
except for the agglomerated species. It has to be noted that the
spherical bundles are more in the TEM image (Figure S4b)
due to the ambient drying conditions compared to the aerogels
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prepared by the freeze-drying method (Figure 4c). On the
other hand, SC aerogel exhibited a unique morphology that is
different from the homopolymer and blend (a-form) aerogels.
As seen in Figures 4d and S4c, most of the polymer fibrils were
wrapped together into globular structures (nodular morphol-
ogy) of micrometer dimensions upon SC formation, and the
individual spheres were connected to each other by the short
polymer fibers. For this to happen, during the thermal
annealing of the blend gel, the PLLA and PDLA fibers have
to unwind first to individual polymer chains, and then, the
PLLA and PDLA chains have to come together at the
molecular level. Unlike the blend a-form aerogel, the spherical
structures in this case possess a certain level of porosity, owing
to the loose winding of the polymer fibrils. Therefore, at the
micrometer length scale, SC formation resulted in a major
reorganization of the morphology from interconnected fibrillar
structures to interconnected globular networks (nodular
morphology). Such a difference in the microstructure is
responsible for the enhancement of the aerogel thermal
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properties. The observed morphologies of homopolymer and
SC aerogels are different from that reported for PLA foams/
aerogels.”"”%*

Several other properties were also elevated in the SC aerogel
due to their unique morphological features, such as surface and
mechanical properties. For example, the water contact angle
(WCA) measured for SC aerogel was 149.0 + 1°. WCA is a
measure of the surface wettability of the aerogels. Since PLAs
are inherently hydrophobic in nature, PLLA aerogel exhibited a
very high WCA of 141.6 + 1°. However, with the change in
the surface morphology, more surface roughness was induced
on the SC aerogel when compared to the PLLA aerogel,
making it nearly superhydrophobic (Figure Sa). Similarly, the
Brunauer—Emmett—Teller (BET) surface area was enhanced,
and a narrow pore size distribution was obtained for SC
aerogel when compared to the homopolymer aerogels. Figure
Sb shows the nitrogen adsorption—desorption isotherms and
pore size distribution curves of the PLLA and SC aerogels.
Unlike the PLLA aerogel, the SC aerogel shows a typical Type
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IV adsorption isotherm with a hysteresis loop (Figure Sb),
characteristic of a mesoporous solid.” The pore size
distribution in Figure Sc also validates the highly mesoporous
structure of SC aerogel and the curve peaks around 12 nm. In
the PLLA aerogel, the pore size distribution is broad and pore
diameters above 50 nm dominate. Thus, it is appropriate to
mention that the morphological switch has brought a shift
from less mesoporous to highly mesoporous structures in PLA
aerogels. The BET surface area was also enhanced in SC
aerogel (~132 m®> g!) in comparison with that of the PLLA
aerogel (~113 m* g™').

Mechanical strength is of paramount importance for aerogels
from the application point of view. PLA homopolymer aerogels
are lagging in this department, and constant efforts have been
put through to improve the mechanical properties of these
aerogels.” The crystallinity of PLLA and SC aerogels prepared
in this study are almost the same (52 + 2%). However, there is
a marked difference in the compression strength between these
two aerogels, as shown in Figure 6a. The enlarged portion of
Figure 6a (Figure 6b) shows the linear elastic region of the
compressive stress—strain curve, the slope of which gives
Young’s modulus. All the aerogels used for the compression
test have an overall porosity close to 90%. The compression
moduli were calculated to be 2.0, 1.8, and 3.3 MPa for PLLA,
blend a-form, and SC aerogels, respectively. The slight
agglomeration of polymer fibrils in the blend a-form aerogel
resulted in the lowering of modulus when compared to the
homopolymer aerogels. However, the complete transformation
of the blend into SC has furnished almost double the
compression modulus. Even though PLLA and PDLA aerogels
have interconnected fibrillar networks, these networks are not
strong enough to withstand higher loads. However, in the SC
aerogel, the winding of polymer fibrils into globular structures
resulted in a muscular monolith. In addition, these spheres
were connected to the neighboring spheres not by a single
strand but by multiple polymer strands, hence making the
interconnections quite strong. Thus, we could obtain PLA
aerogels with superior load-bearing properties without
compromising the high porosity by allowing the enantiomeric
polymer chains to interact and form SC crystals (intercon-
nected globular network). Figure 6c shows the SC aerogel
being balanced on top of caterpillar grass; this indicates the
ultra-lightweightness (density ~ 0.09 g cm™) of the prepared
aerogel.

The morphology switch has not just enhanced the
mechanical properties of the aerogel but also improved its
sound absorption ability. As demonstrated in our previous
study on sPS aerogels, the differences in the pore structure,
pore volume, and surface area can have significant effects on
the sound insulation of aerogels.”” The ratio of absorbed sound
intensity in the material to the incident sound intensity is
known as the normal incident sound absorption coefficient of a
particular material. Figure 6c is the plot of the sound
absorption coefficient of PLLA and SC aerogels at various
frequencies (300—3000 Hz); for comparison, the data
obtained for a commercial sound insulator [polyurethane
(PU) foam] is also provided. Below 3000 Hz, the SC aerogel
exhibited multifold enhancement in the sound absorption than
the PLLA aerogel, and the absorption coefficients are way
better than the PU foam. In the frequency range of 1800—2000
Hz, absorption coefficients as high as 0.85 were obtained for
the SC aerogel. The excellence in the acoustic insulation
performance of the SC aerogel is attributed to its largely
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mesoporous structure. Sound waves get scattered multiple
times inside the porous structure, resulting in the vibration of
the pore walls. Also, the enhanced friction causes air viscosity
consumption. In both these situations, the sound energy will
be converted as heat within the material, resulting in a
reduction of the sound pressure. As the market is looking for
sustainable alternatives to the age-old sound insulation
materials, these aerogels with superior comprehensive proper-
ties can be excellent candidates.

Based on the results obtained, we have clarified the
development of hierarchical structures in PLLA/PDLA blend
aerogels (Figure 7). Though the homopolymer gels crystallized

(b)

Figure 7. Schematic diagram showing the hierarchical structures of
various aerogels (a) PLLA «a aerogel, (b) PDLA « aerogel, (c) blend &
aerogel, and (d) blend SC aerogel.

into the & form, upon the aerogel preparation, the structure
was transformed to the a-form, and higher-ordered structures
show interconnected fibrillar networks in aerogels (Figure
7ab). The PLLA/PDLA blend in DMF also crystallized into
the e-form on thermoreversible gelation. The blend e-form gel
transformed to the a-form upon solvent exchange, and the
corresponding a-form aerogel showed an interdigitated fibrillar
network with dense agglomerates at random positions (Figure
7c). Here, the interdigitating occurs between the fibrils of
opposite enantiomeric chains, as there is only a local disorder
of the helical chains during the &-to-a transition. However,
when the blend e-form gel was annealed at 70 °C, the polymer
chains attain enough diffusion ability to find opposite
enantiomeric chains for the alternate packing into SC crystals.
The higher-ordered structure in SC aerogel shows an
interconnected network of globular structures, which is
completely different from the blend a-form microstructure.
In order to form such a morphology, the enantiomeric polymer
fibrils have to unwind into individual chains first. Only then
can the PLLA chains twine with the PDLA chains to form
interwoven ball-like microstructures, as shown in Figure 7d.
The untangled polymer strands form connections between the
individual spheres to form a network structure. Thus, it is
appropriate to mention that thermal stimulus has not only
induced chain mobility and diffusion at the molecular level but
has also instigated prodigious microstructural reorganization,
resulting in perfect SC formation in PLLA/PDLA blend gels
and aerogels.
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B CONCLUSIONS

In summary, using the thermoreversible gelation approach, we
reported the formation of crystalline pure SC gels and aerogels
of PLA. The crystal complex forming solvent was used for the
PLLA/PDLA blend gel formation. In the initial blend gel, the
homopolymers crystallized independently into the correspond-
ing crystal complexes (&-form) rather than co-crystallizing into
the SC. When the gel solvent was exchanged with water and
freeze-dried, blend a-form aerogel was obtained. Thermal
treatment of the blend gel resulted in crystalline phase
transitions; &-to-a transition occurred around 50 °C due to
the solvent desorption from the crystal lattice to the
amorphous region, and the subsequent reorganization of the
helical chains occurred through a disordered state. At a higher
annealing temperature of blend gel (at 70 °C), polymer chains
acquired enough energy to diffuse through the system and find
the opposite chains for the alternate packing. As a result, gel
with a complete SC crystal structure was obtained, resulting in
SC aerogel upon solvent exchange and freeze-drying. The
transitions at the molecular level were accompanied by
hierarchical structural changes and microstructural evolution.
The interconnected fibrillar morphology in the a-form aerogels
was converted to unique interwoven globular network
morphology upon the SC formation. These transitions, both
at the molecular level and at the micrometer length scale,
resulted in noteworthy enhancements of the thermal,
mechanical, and acoustic properties of the aerogel.

B EXPERIMENTAL SECTION

Materials. PLLA (M,, ~ 101 kg/mol, B ~ 1.8) and PDLA (M,, ~
124 kg/mol, B ~ 1.37) were purchased from Sigma-Aldrich. The
solvent DMF [purity > 99.9%] was supplied by Merck and used as
received.

Preparation of Homopolymer Gels and Aerogels. 10 wt %
solution of PLLA or PDLA in DMF was prepared by heating the
solvent at 120 °C. The solution was cooled to below 0 °C by keeping
it in the freezer. Thermoreversible gelation occurred immediately, and
the resulting gel was aged at the same temperature for 48 h. Then,
DMEF in the gel was exchanged with water by immersing the gel fully
in water. This water was replaced with fresh water 4—35 times over a
period of 30 h in order to ensure the complete exchange. The
hydrogel thus obtained was first frozen at —40 °C and then freeze-
dried for 24 h to obtain a homopolymer aerogel with an overall
porosity of 90%.

Preparation of PLLA/PDLA Blend Gels and Aerogels. Equal
quantities of PLLA and PDLA were used to separately prepare 10 wt
% solutions in DMF. The PLLA and PDLA solutions were then mixed
thoroughly, and the mixed solution was cooled to below 0 °C in the
freezer to obtain a PLLA/PDLA (1:1) blend gel. This gel was aged at
the same temperature for 48 h before further use.

In order to prepare blend a-form aerogel, the above gel was solvent
exchanged with water as described earlier and then freeze-dried.

In order to prepare SC aerogel, the above gel was first subjected to
thermal annealing at 70 °C. For this, an oil bath was preheated to 70
°C using a hot plate, and the vial containing the gel was immersed
entirely in the oil for 5—10 min. Then, the gel was cooled back to the
RT and aged in the freezer (<0 °C) for 12 h. This was followed by
solvent exchange and freeze-drying as before to obtain a complete SC
aerogel. Following the same procedure, except for a change in the
annealing temperature to 50 °C, will result in an (@ + SC) aerogel.

Characterization. The porosity of different aerogel samples was
determined from the density values using the following equation

fp
/;)ol

P =100|1 —

(1)

where p,,, is the mass/volume ratio (apparent density) of the prepared
aerogel, the volume is determined theoretically from the dimensions
of the samples, and p,, is the density of the bulk polymer. The
XEUSS SAXS/WAXS system from Xenocs, operating at S0 kV and
0.60 mA in the transmission mode using Cu Ka radiation with a
wavelength of 1.54 A, was used for WAXD measurements. The two-
dimensional patterns were recorded on a Mar 345 image plate system
(detector), and the Fit2D software was used for data processing.
Variable temperature WAXD measurements were carried out with the
aid of a Linkam THMS 600 hot stage connected to the LNP 95
cooling system. The infrared spectra of the aerogel samples were
collected using a PerkinElmer Series FT-IR spectrum-2 at a resolution
of 4 cm™ over a wavenumber range of 4000—400 cm™' in the
attenuated total reflectance (ATR) mode. DSC measurements were
performed using an advanced research-grade modulated differential
scanning calorimeter TA Q2000 under a nitrogen atmosphere. The
heating rate adopted was 10 °C/min. TGA was carried out under
continuous nitrogen flow using TA QS0, a fourth-generation
thermogravimetric analyzer. The surface morphologies of various
aerogels were probed using a Zeiss EVO 18 cryo-SEM operated at an
accelerating voltage of 12 kV. A JEOL 2010 transmission electron
microscope operating at 300 kV was used to examine the morphology
of the xerogels. The gels were dispersed in DMF, drop casted on a
carbon-coated copper grid, and naturally dried under a dust-free
atmosphere. An automated DSA30 Drop Shape Analyzer (KRUSS,
Germany) was used for the measurement of WCA. From the nitrogen
adsorption—desorption isotherm (Gemini 2375, Micromeritics, Nor-
cross, USA), the BET surface area of the aerogels was measured. The
samples were degassed at room temperature for 24 h before the
measurement. The pore size distributions were also obtained from the
isotherms using the Barrett—Joyner—Halenda (BJH) method. A
universal testing machine (Hounsfield, HSKS UTM, Redhill, UK)
with a crosshead speed of 1.3 mm min™' was used for the compressive
strength analysis of the aerogels. Cylindrical samples with a diameter-
to-height ratio of approximately 1.5:1 were used for these measure-
ments. The normal incident sound absorption coefficient of all of the
samples was obtained using a Briiel and Kjer impedance tube, type
4206 (Denmark), via the two-microphone method. Cylindrical
samples with a diameter of 29 mm and thickness of 12 mm were
used for the measurements.
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